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INTRODUCTION 

Small  cell  lung  cancer  (SCLC)  is  an  aggressive  neuroendocrine  carcinoma  with  a  median  survival  of 
less  than  one  year  and  a  five-year  overall  survival  of  under  2%  in  the  metastatic  setting.  While 
chemotherapy  initially  induces  a  response  in  most  patients,  metastatic  disease  invariably  recurs  rapidly  and 
is  often  resistant  to  additional  conventional  therapies.  To  date,  there  are  no  effective  targeted  therapeutic 
approaches  in  SCLC  and  research  efforts  to  develop  new  therapeutic  strategies  for  these  cancers  have 
lagged  far  behind  those  for  non-small  cell  lung  cancer.  This  project  aims  to  address  these  fundamental 
challenges  by  utilizing  genetically  engineered  mouse  models  (GEMMs)  of  SCLC  that  faithfully  recapitulate 
the  human  disease,  as  well  as  circulating  tumor  cells  (CTCs)  from  both  the  GEMMs  and  human  SCLC 
patients  to  develop  a  new  therapeutic  approach.  Our  therapeutic  strategy,  the  combination  of  a  BH3- 
mimetic  and  an  mTOR  complex  (TORC)  catalytic  site  inhibitor,  is  based  on  our  understanding  of  the 
mechanisms  of  apoptosis  and  growth  arrest  in  SCLC  tumors.  Our  project  aims  to  (1)  explore  the  mechanism 
of  chemotherapy  response  and  resistance  in  the  GEMM,  (2)  investigate  the  activity  of  combination 
BH3-mimetic  and  TORC  inhibition  therapy  in  the  GEMM,  and  (3)  utilize  patient-derived  CTCs  to 
monitor  treatment  response.  This  report  reviews  our  progress  during  the  third  year  of  funding. 

KEYWORDS 

Small  cell  lung  cancer  (SCLC) 

Genetically  engineered  mouse  model  (GEMM)  BH3  mimetic 
TORC  inhibitor  Apoptosis 
Preclinical  therapeutics 


ACCOMPLISHMENTS 


Major  goals  of  the  project  Specific  Aims: 

Specific  Aim  1 :  Determine  biomarkers  of  response  and 
resistance  to  standard  chemotherapy  in  SCLC  GEMMs. 
Specific  Aim  2:  Perform  preclinical  study  of  combination 
targeted  therapy  in  SCLC  GEMMs. 

Specific  Aim  3:  Utilize  patient-derived  CTCs  as  a  means  to 
monitor  treatment  response  and  predict  sensitivity  to  treatment. 


Major  Tasks  (as  detailed  in  the  Statement  of  Work,  modified 
9/22/14): 

Please  see  Appendix  1,  Statement  of  Work  for  MGH. 

1 .  Analyze  CTCs  from  SCLC  patients  at  MGH  enrolled  on 
DF/HCC  protocol  05-300 


Accomplishments  under  these  goals 

□  Major  Task  8:  The  goal  of  this  task  is  to  analyze  CTCs  from 
patients  with  SCLC  to  assess  for  changes  in  CTC  number  and 
expression  of  markers  relevant  to  our  combination  treatment 
strategy  (P-4EBP1,  P-S6,  BIM,  Bcl-2,  Bcl-xL,  and  Mcl-1 
using  ISH  and  IHC)  over  the  course  of  chemotherapy 
treatments. 

This  work  will  be  performed  entirely  at  MGH  under  the 
direction  of  Dr.  Engelman.  As  we  described  in  a  prior 
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submission  requesting  changes  to  the  Statement  of  Work,  Dr.  Engelman’ s  group  has  proposed 
what  we  believe  to  be  an  improved  approach  for  accomplishing  this  task.  The  original  grant 
proposal  had  described  accomplishing  this  Aim  by  using  the  herringbone  chip  (Maheswaran  et 
al.,  2008;  Nagrath  et  al.,  2007;  Yu  et  al.,  2012).  This  technology  captures  cells  to  a  device  and 
allows  for  enumeration  and  IHC  and  in-situ  hybridization  (ISH)  on  CTCs,  but  does  not  enable 
collection  or  propagation  of  live  CTCs.  Recently,  the  Haber  and  Toner  labs  at  MGH  have 
developed  a  microfluidic-based  live  CTC  capture  platform,  the  CTC-iChip  (Karabacak  et  ah, 
2014;  Ozkumur  et  ah,  2013).  Using  antigen-based  removal  of  leukocytes  and  granulocytes, 
this  technology  enables  unbiased  collection  of  unperturbed  live  CTCs  in  suspension.  The 
Engelman  group  now  proposes  to  leverage  CTC-iChip  technology  to  generate  mouse  xenograft 
models  directly  from  SCLC  CTCs.  Generation  of  SCLC  “CTC-derived  xenografts”  (CDXs) 
has  recently  been  described  (Hodgkinson  et  ah,  2014).  The  Engelman  group  proposes  generate 
xenografts  in  a  similar  manner.  CTC  enrichment  from  whole  blood  will  be  performed  using  the 
negCTC-iChip  and  posCTC-iChip  platforms  (Karabacak  et  ah,  2014;  Ozkumur  et  ah,  2013).  They 
will  quantify  the  number  of  enriched  CTCs  per  mh  of  whole  blood  using  histologic  stains  and 
neuroendocrine  marker  immunofluorescence.  Collected  CTCs  in  suspension  will  then  be  mixed 
with  an  equal  volume  of  matrigel  and  directly  transplanted  subcutaneously  (SC)  into  the  flanks  of 
NOD/SCID  mice  that  lack  the  interleukin-2  gamma  receptor  (NSG  mice)  (Quintana  et  ah,  2012; 
Quintana  et  ah,  2008).  They  will  measure  tumor  dimensions  at  least  three  times  weekly  to 
determine  the  efficiency  and  kinetics  of  CDX  generation.  They  will  utilize  these  CDX  models  to 
perform  the  molecular  analyses  outlined  in  the  original  proposal.  CDX  tumors  from  CTCs 
isolated  before  and  after  chemotherapy  treatment  will  be  interrogated  for  relative  expression  of 
TORC1  pathway  mediators  (P-S6,  P-4EBP1)  and  apoptosis  mediators  (Bcl-2,  Bcl-xL,  BIM,  Mcl- 
1)  to  determine  if  measurement  of  these  molecular  markers  will  be  informative  in  clinical 
development  of  this  novel  therapy.  Notably,  the  overall  enrollment  goal  has  been  reduced  to  20 
patients  given  the  added  resources  needed  for  taking  the  approach  detailed  above. 

The  progress  to  date  is  shown  in  the  adjoining  table.  We  have  successfully  isolated  CTCs  from 
several  SCLC  patients.  The  injection  of  these  CTCs  into  mice  is  not  currently  being  supported  by 
the  DOD  grant  but  is  shown  to  demonstrate  feasibility.  Development  of  these  PDX  models  has 
progressed  rapidly  over  the  past  year,  and  our  panel  now  includes  36  models  derived  from  both 
biopsies  and  CTCs.  We  have  validated  these  models  by  immunohistochemistry,  and  have  begun  to 
analyze  them  genomically  by  whole  exome  sequencing.  These  efforts  are  not  being  supported  by 
the  DOD  grant  but  demonstrate  the  promise  of  our  PDX  model  development  program.  We  are  now 
exploring  the  functional  characteristics  of  these  models  by  comparing  their  responses  to  standard 
and  experimental  agents  with  patient  responses.  Preliminary  results  suggest  that  the  PDX  models 
accurately  reflect  patient  responses.  In  the  near  future,  we  are  excited  to  use  this  panel  of  PDX 
models  to  explore  combination  therapy  targeting  Bcl-2  family  members  and  TOR  signaling,  both  to 
determine  overall  efficacy  and  to  identify  biomarkers  of  response  and  resistance. 

Opportunities  for  training  and  professional  development  provided  by  this  project  Nothing  to 
report 

How  were  the  results  disseminated  to  communities  of  interest? 

□  Publication:  Faber  AC,  Farago  AF,  Costa  C,  Dastur  A,  Gomez-Caraballo  M,  Robbins  R, 
Wagner  BL,  Rideout  WM  3rd,  Jakubik  CT,  Ham  J,  Edelman  EJ,  Ebi  H,  Yeo  AT,  Hata  AN, 
Song  Y,  Patel  NU,  March  RJ,  Tam  AT,  Milano  RJ,  Boisvert  JL,  Hicks  MA,  Elmiligy  S, 
Malstrom  SE,  Rivera  MN,  Harada  H,  Windle  BE,  Ramaswamy  S,  Benes  CH,  Jacks  T, 
Engelman  JA.  Assessment  of  ABT-263  activity  across  a  cancer  cell  line  collection  leads  to  a 
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potent  combination  therapy  for  small-cell  lung  cancer.  Proc  Natl  Acad  Sci  USA.  2015  Mar 
17;1 12(1  l):E1288-96. 


What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

□  MGH  will  perform  ongoing  CTC  collection  and  analysis  from  human  SCLC  patients 
enrolled  on  protocol  05-300.  The  MGH  group  will  also  develop  CTC-derived  xenograft 
models  as  described  above. 

IMPACT 

What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Both  our  study  (Faber  et  al.,  2015)  and  another  study  (Gardener  et  al.,  2014)  assessed  the  activity 
of  combination  Bcl-2  and  mTOR  inhibition  in  SCLC  and  demonstrated  strong  preclinical  activity. 
Based  on  these  results,  clinical  investigators  on  these  studies  are  planning  a  phase  1 /phase  2  study 
of  combination  Bcl-2  and  mTOR  inhibitor  therapies.  Dr.  Hann,  Dr.  Farago,  and  Dr.  Rudin  have 
submitted  a  collaborative  letter  of  intent  to  the  Cancer  Therapy  Evaluation  Program  (CTEP)  at  the 
NCI,  and  the  proposed  trial  is  moving  forward  in  planning  stages.  This  trial  will  offer  a  new  and 
innovative  therapeutic  option  for  patients  with  small  cell  lung  cancer. 

What  is  the  impact  on  other  disciplines? 

Nothing  to  report. 

What  was  the  impact  on  technology  transfer? 

Nothing  to  report. 

What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  report. 

CHANGES/PROBLEMS 

Changes  in  approach  and  reasons  for  change 

We  have  no  additional  changes  to  make  in  our  approach  beyond  what  was  requested  on  9/22/14  and 
reported  in  our  first  annual  report. 

Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve  them 

The  IHC  assays  performed  directly  on  CTCs  did  not  work  well.  However,  CTC-derived  PDX 
models  of  SCLC  closely  resemble  the  patient  tumors.  In  the  future  we  will  use  these  CTC-derived 
PDX  models  to  assess  the  effects  of  therapeutics  on  TOR  signaling  and  Bcl-2  family  members. 

Changes  that  had  a  significant  impact  on  expenditures 

We  have  no  additional  changes  to  make  in  our  budget  expenditures  other  than  what  was  requested 
on  9/22/14  and  reported  in  our  first  annual  report. 

Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals,  biohazards 
and/or  select  agents 

We  have  no  additional  changes  to  make  in  use  of  vertebrate  animals,  biohazards  and/or  select 
reagents  beyond  what  was  requested  on  9/22/14  and  reported  in  our  first  annual  report. 

PRODUCTS 
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Publications,  conference  papers,  and  presentations 

□  Published  manuscript:  Faber  AC,  Farago  AF,  Costa  C,  Dastur  A,  Gomez-Caraballo  M,  Robbins  R, 
Wagner  BL,  Rideout  WM  3rd,  Jakubik  CT,  Ham  J,  Edelman  EJ,  Ebi  H,  Yeo  AT,  Hata  AN,  Song  Y, 
Patel  NU,  March  RJ,  Tam  AT,  Milano  RJ,  Boisvert  JL,  Hicks  MA,  Elmiligy  S,  Malstrom  SE, 
Rivera  MN,  Harada  H,  Windle  BE,  Ramaswamy  S,  Benes  CH,  Jacks  T,  Engelman  JA.  Assessment 
of  ABT-263  activity  across  a  cancer  cell  line  collection  leads  to  a  potent  combination  therapy  for 

small-cell  lung  cancer.  Proc  Natl  Acad  Sci  USA.  2015  Mar  17;1 12(1  l):E1288-96 

PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


o  What  individuals  have  worked  on  the  project? 


Name: 

Jeffrey  Engelman 

Project  Role: 

PI 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

No  change 

Funding  Support: 

No  change 

Name: 

Erin  Sennott 

Project  Role: 

Fellow 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

1 

Contribution  to  Project: 

Research  Fellow 

Funding  Support: 

No  change 

Name: 

Haichuan  Hu 

Project  Role: 

Fellow 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

12 

Contribution  to  Project: 

Research  Fellow 

Funding  Support: 

No  change 

Name: 

Erin  Silva 

Project  Role: 

Technician 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

5 

Contribution  to  Project: 

Research  Technician 

Funding  Support: 

No  change 

Name: 

Eugene  Lifshits 

Project  Role: 

Technologist 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 
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Nearest  person  month  worked: 

12 

Contribution  to  Project: 

Research  Technologist 

Funding  Support: 

No  change 

Name: 

Max  Greenberg 

Project  Role: 

Technician 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

7 

Contribution  to  Project: 

Research  Technician 

Funding  Support: 

No  change 

Name: 

Hillary  Mulvey 

Project  Role: 

Technician 

Researcher  Identifier  (e.g.  ORCID  ID): 

No  change 

Nearest  person  month  worked: 

6 

Contribution  to  Project: 

Research  Technician 

Funding  Support: 

No  change 

o  Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel 
since  the  last  reporting  period? 

Dr.  Engelman  left  MGH  on  July  1  2016. 

o  What  other  organizations  were  involved  as  partners? 

■  Nothing  to  Report. 


SPECIAL  REPORTING  REQUIREMENTS 

COLLABORATIVE  AWARDS 

This  project  is  designed  as  a  collaborative  project  with  Dr.  Tylers’s  group  at  MIT.  We  have 
maintained  excellent  communication  with  our  collaborators  about  this  project  and  have  revised  and 
published  a  manuscript  over  the  past  year.  The  progress  described  in  this  report  reflects  work  done 
at  MGH. 


APPENDICES 
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2.  Publication 
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BH3  mimetics  such  as  ABT-263  induce  apoptosis  in  a  subset  of 
cancer  models.  However,  these  drugs  have  shown  limited  clinical 
efficacy  as  single  agents  in  small-cell  lung  cancer  (SCLC)  and  other 
solid  tumor  malignancies,  and  rational  combination  strategies  re¬ 
main  underexplored.  To  develop  a  novel  therapeutic  approach,  we 
examined  the  efficacy  of  ABT-263  across  >500  cancer  cell  lines, 
including  31 1  for  which  we  had  matched  expression  data  for  select 
genes.  We  found  that  high  expression  of  the  proapoptotic  gene 
Bcl2-interacting  mediator  of  cell  death  ( BIM )  predicts  sensitivity  to 
ABT-263.  In  particular,  SCLC  cell  lines  possessed  greater  BIM  tran¬ 
script  levels  than  most  other  solid  tumors  and  are  among  the  most 
sensitive  to  ABT-263.  However,  a  subset  of  relatively  resistant 
SCLC  cell  lines  has  concomitant  high  expression  of  the  antiapop- 
totic  myeloid  cell  leukemia  1  (MCL-1).  Whereas  ABT-263  released 
BIM  from  complexes  with  BCL-2  and  BCL-XL,  high  expression  of 
MCL-1  sequestered  BIM  released  from  BCL-2  and  BCL-XL,  thereby 
abrogating  apoptosis.  We  found  that  SCLCs  were  sensitized  to 
ABT-263  via  TORC1/2  inhibition,  which  led  to  reduced  MCL-1  pro¬ 
tein  levels,  thereby  facilitating  BIM-mediated  apoptosis.  AZD8055 
and  ABT-263  together  induced  marked  apoptosis  in  vitro,  as  well 
as  tumor  regressions  in  multiple  SCLC  xenograft  models.  In  a  Tp53; 
Rbl  deletion  genetically  engineered  mouse  model  of  SCLC,  the  com¬ 
bination  of  ABT-263  and  AZD8055  significantly  repressed  tumor 
growth  and  induced  tumor  regressions  compared  with  either  drug 
alone.  Furthermore,  in  a  SCLC  patient-derived  xenograft  model  that 
was  resistant  to  ABT-263  alone,  the  addition  of  AZD8055  induced 
potent  tumor  regression.  Therefore,  addition  of  a  TORC1/2  inhibitor 
offers  a  therapeutic  strategy  to  markedly  improve  ABT-263  activity 
in  SCLC. 

small-cell  lung  cancer  |  targeted  therapies  |  BH3  mimetics  |  apoptosis  |  BIM 

Effective  cancer-targeted  therapies  often  trigger  cell  death, 
commonly  via  apoptosis,  to  induce  remissions  (1-3).  For  ex¬ 
ample,  we  and  others  previously  observed  that,  among  lung  can¬ 
cers  with  activating  EGFR  mutations,  those  with  higher  expression 
levels  of  Bcl2-interacting  mediator  of  cell  death  (BIM),  a  key 
regulator  of  apoptosis,  have  a  higher  response  rate  and  longer 
progression-free  survivals  upon  treatment  with  EGFR  inhibitors 
(2,  4).  BH3  mimetics  are  a  class  of  drugs  designed  to  promote 
apoptosis.  These  compounds  bind  to  and  inhibit  antiapoptotic 
BCL-2  family  members,  the  molecular  sentinels  of  apoptosis.  ABT- 
263  (5)  is  a  BH3  mimetic  that  directly  binds  BCL-2  and  BCL-XL, 
which  blocks  their  binding  to  BIM  and  thereby  enables  BIM- 
mediated  induction  of  apoptosis  (6-8).  However,  ABT-263  does  not 
bind  the  prosurvival  BCL-2  family  member  myeloid  cell  leukemia  1 
(MCL-1),  and  high  levels  of  MCL-1  are  associated  with  resistance 


to  BH3  mimetics  such  as  ABT-263  in  both  the  laboratory  and  the 
clinic  (9-17). 

Small-cell  lung  cancer  (SCLC)  is  a  high-grade  neuroendocrine 
carcinoma  that  accounts  for  10-15%  of  all  lung  cancers  and  is 
commonly  associated  with  a  significant  tobacco  history.  Patient 
outcomes  have  not  improved  substantially  over  the  past  30  y, 
underscoring  the  need  for  more  effective  treatment  strategies 
(18).  Recent  studies  have  demonstrated  the  antitumor  activity  of 
BH3  mimetics  in  laboratory  models  of  SCLC  (5,  19-21).  These 
findings  spurred  clinical  trials  of  the  BH3  mimetic  ABT-263 


Significance 

Small-cell  lung  cancer  (SCLC)  is  an  aggressive  carcinoma  with 
few  effective  treatment  options  beyond  first-line  chemother¬ 
apy.  BH3  mimetics,  such  as  ABT-263,  promote  apoptosis  in  SCLC 
cell  lines,  but  early  phase  clinical  trials  demonstrated  no  sig¬ 
nificant  clinical  benefit.  Here,  we  examine  the  sensitivity  of 
a  large  panel  of  cancer  cell  lines,  including  SCLC,  to  ABT-263 
and  find  that  high  Bcl2-interacting  mediator  of  cell  death  (BIM) 
and  low  myeloid  cell  leukemia  1  (MCL-1)  expression  together 
predict  sensitivity.  SCLC  cells  relatively  resistant  to  ABT-263  are 
sensitized  by  TORC1/2  inhibition  via  MCL-1  reduction.  Combi¬ 
nation  of  ABT-263  and  TORC1/2  inhibition  stabilizes  or  shrinks 
tumors  in  xenograft  models,  in  autochthonous  SCLC  tumors 
in  a  genetically  engineered  mouse  model,  and  in  a  patient- 
derived  xenograft  SCLC  model.  Collectively,  these  data  support 
a  compelling  new  therapeutic  strategy  for  treating  SCLC. 
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(Navitoclax)  in  SCLC  (22).  ABT-263  was  well  tolerated  in  the  clinic 
with  a  dose-limiting  toxicity  of  thrombocytopenia  (22),  an  on-target 
toxicity  of  BCL-XL  inhibition  (23).  Unfortunately,  phase  II  trials  of 
ABT-263  monotherapy  revealed  unimpressive  activity.  Sixteen  of  26 
evaluable  patients  had  progression  of  disease,  9  had  stable  disease, 
and  one  had  a  partial  response  (24).  Consequentially,  there  has 
been  no  further  clinical  development  of  ABT-263  as  a  monotherapy 
in  SCLC. 

Despite  these  findings,  several  questions  remain:  which  solid  tumor 
malignancies  are  most  sensitive  to  single-agent  ABT-263,  and  why  is 
SCLC  among  the  most  sensitive?  In  addition,  why  does  SCLC  fail  to 
respond  to  single-agent  ABT-263  in  the  clinic,  and  how  could  efficacy 
be  enhanced?  Here,  we  assess  the  sensitivity  of  a  large  panel  of  cell 
lines  spanning  multiple  cancer  types  to  ABT-263.  We  observe  that 
cell  lines  with  high  expression  of  BIM  are  highly  sensitive  to  ABT-263 
and  that  SCLC  expresses  higher  levels  of  BIM  than  other  solid  tumor 
malignancies.  Although  SCLC  is  among  the  most  sensitive  to  single¬ 
agent  ABT-263,  efficacy  is  substantially  limited  by  MCL-1,  which 
also  is  elevated  in  SCLC.  We  find  that  SCLC  can  be  sensitized  to 
ABT-263  via  TORC1/2  inhibition,  which  leads  to  reduction  of 
MCL-1  protein  levels,  thereby  permitting  BIM-mediated  apoptosis. 
In  two  SCLC  mouse  xenograft  models,  either  drug  alone  has  little 
activity.  However,  the  combination  ABT-263  and  AZD8055  induces 
tumor  stabilization  or  regression.  Furthermore,  we  examined  the 
efficacy  of  this  combination  in  autochthonous  lung  tumors  arising  in 
a  genetically  engineered  mouse  model  (GEMM)  of  SCLC,  where 
the  combination  of  ABT-263  and  AZD8055  also  induces  tumor 
stabilization  or  regression.  By  contrast,  most  tumors  progress  when 
treated  with  either  drug  alone.  Finally,  in  a  patient-derived  xeno¬ 
graft  model  of  SCLC  in  which  ABT-263  alone  is  ineffective,  the 
combination  of  ABT-263  and  AZD8055  causes  tumor  regression. 
These  studies  demonstrate  that  the  combination  of  ABT-263  and 
AZD8055  potently  suppresses  tumor  progression  across  a  variety  of 
preclinical  SCLC  experimental  models. 

Results 

BIM/MCL-1  Ratio  Predicts  Sensitivity  to  ABT-263.  Our  initial  studies 
stemmed  from  the  observation  that  5  of  11  SCLC  human  xenografts 
tested  by  Shoemaker  and  colleagues  (19)  did  not  respond  to  ABT- 
263  and  that  the  majority  of  patients  treated  in  a  phase  II  study  had 
progression  of  disease  (24).  To  more  broadly  identify  mediators  of 
response  to  ABT-263,  we  examined  data  collected  from  a  high- 
throughput  drug  screen  (13)  assessing  over  500  human  cancer  cell 
lines  for  sensitivity  to  ABT-263.  Because  the  mechanism  underlying 
ABT-263  activity  putatively  relies  on  releasing  BIM  to  promote  ap¬ 
optosis  (6),  we  hypothesized  that  BIM  levels  may  predict  re¬ 
sponsiveness  to  ABT-263.  By  matching  cell  line  sensitivity  to  two 
independent  gene  expression  data  sets,  we  found  a  modest,  but  sig¬ 
nificant,  correlation  between  BIM  expression  and  sensitivity  to  ABT- 
263  (Fig.  L4  and  SI  Appendix ,  Fig.  SL4).  As  we  and  others  have 
reported  (10,  13-17),  high  MCL-1  expression  correlated  with  re¬ 
sistance  to  ABT-263  and  the  related  ABT-737,  and  we  also  observed 
MCL-l-based  resistance  to  ABT-263  across  both  data  sets  (SI  Ap¬ 
pendix,  Fig.  SI  B  and  C).  However,  the  ratio  of  BIM  to  MCL-1 
predicted  sensitivity  to  ABT-263  more  effectively  than  the  expression 
of  either  biomarker  alone  (Fig.  IB  and  SI  Appendix,  Fig.  SID). 
Moreover,  among  cell  lines,  those  with  the  highest  BIM  levels  that 
also  expressed  high  levels  of  MCL-1  were  not  sensitive  to  ABT-263 
nor  were  those  cancers  with  low  expression  of  both  BIM  and 
MCL-1,  underscoring  the  added  value  of  measuring  the  ratio  of 
BIM  to  MCL-1  in  predicting  sensitivity  (Fig.  1C  and  SI  Appendix,  Fig. 
SI E).  It  is  notable  that  the  ratio  of  either  BCL-2  or  BCL-XL  to 
MCL-1  was  inferior  to  the  ratio  of  BIM  to  MCL-1  at  predicting  re¬ 
sponse  to  ABT-263  across  solid  tumor  cancers  (SI Appendix,  Fig.  S2). 
These  findings  underlie  the  potential  capacity  for  MCL-1  to  mitigate 
the  therapeutic  benefit  of  ABT-263  in  cancers  with  high  BIM  levels. 

We  found  that  SCLC  lines  have  increased  BIM  expression  com¬ 
pared  with  other  solid  tumor  types  (Fig.  ID  and  SI  Appendix,  Fig.  S3) 
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Fig.  1.  BIM/MCL-1  expression  ratios  predict  response  to  ABT-263.  (A)  Scatter  plot 
of  ABT-263  IC50  (|iM)  values  on  natural  log  scale  versus  relative  BIM  RNA  ex¬ 
pression  levels  measured  from  the  Cancer  Cell  Line  Encyclopedia  (CCLE)  (45)  (n  = 
331).  A  linear  regression  analysis  was  used  to  assign  a  coefficient  of  determination 
(/?2)  of  0.039  and  a  P  value  of  0.00043.  (B)  Scatter  plot  of  ABT-263  IC50  (|iM)  values 
on  the  natural  log  scale  versus  the  ratio  of  BIM/MCL-1  expression  levels.  A  linear 
regression  analysis  was  used  to  assign  a  coefficient  of  determination  ( R 2)  of  0.146 
and  a  P  value  of  2.83e-12.  Expression  values  were  taken  from  the  CCLE  (45). 
(C)  Scatter  plots  comparing  ABT-263  IC50  (|iM)  values  on  the  natural  log  scale 
between  cell  lines  with  high  BIM  expression  (top  10%)  and  low  MCL-1  expression 
(bottom  75%),  cell  lines  with  high  BIM  expression  (top  10%)  and  high  MCL-1 
expression  (top  25%),  and  cell  lines  with  low  BIM  expression  and  low  MCL-1  ex¬ 
pression.  Expression  values  were  taken  from  the  CCLE  (45).  An  unpaired  t test  with 
Welch's  correction  was  used  to  assign  a  P  value  for  differential  IC50's  between  the 
BIM  h\gh/MCL-1  low  group  and  the  two  other  groups;  P  =  0.0027  and  P  =  0.0014, 
respectively.  Red  bars  are  the  geometric  means  of  the  IC50's  for  the  groups  of  cell 
lines.  (D)  Box  plot  showing  increased  expression  of  BIM  in  SCLC  cell  lines  compared 
with  other  solid  tumors.  A  Wilcoxon  rank-sum  test  was  used  to  assign  a  P  value  for 
differential  expression  between  the  two  groups;  P  value  of  7.94e-06.  Expression 
values  were  taken  from  the  CCLE  (45).  (£)  Cancer  cell  lines  were  grouped  by 
cancer  type,  represented  by  a  numeric  value,  and  correlated  to  ABT-263  IC50  (|iM) 
values  on  natural  log  scale.  The  key  for  the  different  cancer  types  is  in  SI  Ap¬ 
pendix,  Fig.  S4.  A  box  is  drawn  around  SCLC  (#21)  for  emphasis.  Sensitive  cell  lines 
were  set  at  IC50's  <1  |iM  and  insensitive  cell  lines  >1  |iM.  Based  on  these  criteria, 
a  P  value  of  0.0000033  was  assigned  from  a  two-tailed  Fisher's  exact  test  com¬ 
paring  SCLC  to  other  solid  tumor  types.  Of  note,  there  were  10  sensitive  SCLC  cell 
lines  and  1 1  insensitive  SCLC  cell  lines  (48%  sensitive).  In  contrast,  among  all  other 
solid  tumor  types,  there  were  37  sensitive  and  443  resistant  cancers  (8%  sensitive). 
Note  that  representative  cancer  types  are  shown  and  not  every  cancer  type  an¬ 
alyzed  is  included. 


along  with  enhanced  sensitivity  to  ABT-263  compared  with  other 
solid  tumor  types  across  a  large  panel  of  cancer  cell  lines  (Fig.  1 E  and 
SI  Appendix,  Fig.  S4).  To  determine  whether  ABT-263  sensitivity  in 
SCLC  was  mediated  by  high  BIM  expression,  we  knocked  down 
BIM  using  siRNA.  Knockdown  with  two  different  siRNAs 
designed  against  BIM  in  SCLC  cell  lines  consistently  suppressed 
ABT-263-induced  apoptosis  by  >50%  (Fig.  2  A  and  B  and 
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Fig.  2.  BIM  and  MCL-1  mediate  ABT-263-induced  apoptosis  in  SCLC,  and  the  ratio  of  BIM  to  MCL-1  expression  predicts  the  magnitude  of  apoptosis  in 
SCLC  cell  lines.  (A)  SCLC  SW1271  and  HI  048  cells  were  treated  with  either  10  nM  scrambled  (sc)  or  BIM  siRNA  (2),  and,  the  next  day,  cells  were  treated  with 
or  without  ABT-263.  Then,  cells  were  (A)  prepared  and  stained  with  propidium  iodide  and  Annexin-V.  Apoptosis  was  measured  by  FACS  analysis  of  the 
percentage  of  cells  positive  for  Annexin-V  72  h  after  treatment  (the  amount  of  apoptotic  cells  caused  by  ABT-263  treatment  minus  no  drug  treatment)  or 
(B)  lysed  and  separated  by  SDS/PAGE,  subjected  to  Western  blot,  and  probed  with  the  indicated  antibodies.  In  A,  error  bars  are  SD  (n  =  3);  in  B,  the  asterisk 
indicates  a  nonspecific  band.  (C)  H1048  cells  transduced  with  lentiviral  particles  containing  plasmids  that  express  GFP  alone  (control)  or  GFP-IRES-MCL-1 . 
MCL-1-overexpressing  cells  were  sorted  to  isolate  cells  expressing  low  and  high  amounts  of  MCL-1  based  on  GFP  fluorescence  intensity.  Protein  lysates 
were  prepared  and  probed  with  the  indicated  antibodies.  (D)  The  cells  were  treated  with  either  no  drug  (control)  or  ABT-263  for  48  h.  Cells  were  prepared 
and  stained  with  propidium  iodide  and  Annexin-V.  Apoptosis  was  measured  by  FACS  analysis  of  the  percentage  of  cells  with  Annexin-V  positivity.  Bars 
represent  mean  percentage  of  apoptotic  cells,  ABT-263  treatment  minus  control.  Error  bars  are  SD  (n  =  3).  (£)  BIM  antibody  (or  IgG  control)  was  added  to 
lysates  following  treatment  with  or  without  ABT-263  for  6  h  derived  from  H1048  cells  expressing  GFP,  low  MCL-1,  or  high  MCL-1  (as  in  C),  and  BIM- 
containing  complexes  were  immunoprecipitated  and  separated  by  SDS/PAGE,  subjected  to  Western  blot,  and  probed  with  the  indicated  antibodies. 
(E)  BIM  RNA  levels  or  (G)  MCL-1  RNA  levels  in  a  panel  of  10  human  SCLC  cell  lines  were  determined  by  quantitative  PCR,  and  the  average  of  three 
replicates  was  plotted  versus  the  amount  of  apoptosis  (n  =  3)  induced  by  1  |iM  of  ABT-263  over  72  h.  Each  dot  represents  a  unique  human  SCLC  line 
labeled  in  red  font,  with  RNA  levels  relative  to  GAPDH  abundance.  A  linear  regression  analysis  was  used  to  assign,  for  F,  a  coefficient  of  determination  ( R 2) 
of  0.142  and  a  P  value  of  0.284  (P  =  not  significant),  and  for  G,  a  coefficient  of  determination  ( R 2)  of  0.135  and  a  P  value  of  0.296  ( P  =  not  significant). 
(H)  BIM/MCL-1  RNA  levels  were  plotted  versus  apoptosis  in  the  same  lines.  A  linear  regression  analysis  was  used  to  assign  a  coefficient  of  determination 
(R2)  of  0.456  and  a  P  value  of  0.032.  (/)  SCLC  H1048  cells  were  treated  with  either  50  nM  scrambled  (sc)  or  MCL-1  siRNA  for  24  h.  Cells  were  reseeded  and 
treated  the  following  day  with  no  drug  (control)  or  ABT-263  and  then  prepared  for  FACS  analysis  of  percentage  of  cells  with  Annexin-V  positivity  24  h 
after  treatment.  Error  bars  are  SD  (n  =  3).  (Right)  Cell  lysates  were  prepared  from  the  transfected  cells  and  separated  by  SDS/PAGE,  subjected  to  Western 
blot,  and  probed  with  the  indicated  antibodies. 


SI  Appendix,  Fig.  S5  A  and  B).  Next,  we  engineered  H1048  SCLC 
cells  to  have  either  modest  (“low”)  or  marked  (“high”)  over¬ 
expression  of  MCL-1  (Fig.  2 C  and  SI  Appendix ,  Fig.  S5C).  In¬ 
creasing  expression  of  MCL-1  protected  cells  from  ABT-263- 
induced  apoptosis  (Fig.  2D).  These  results  support  the  model  that 
high  BIM  and  low  MCL-1  promote  sensitivity  to  ABT-263, 
whereas  high  MCL-1  mediates  ABT-263  resistance. 


To  further  assess  the  mechanism  of  ABT-263  response,  we 
performed  immunoprecipitation  of  BIM  complexes  from  whole¬ 
cell  lysates.  Please  note  that  the  BIM  immunoprecipitations 
successfully  depleted  >90%  of  the  cellular  BIM  (SI  Appendix ,  Fig. 
S5D).  In  control  cells,  ABT-263  treatment  led  to  loss  of  BIM 
binding  to  BCL-XL  and  BCL-2,  whereas  it  induced  BIM  binding  to 
MCL-1  (Fig.  2 E).  This  indicates  that  MCL-1  binds  the  BIM  that  is 
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released  from  complexes  with  BCL-2  and  BCL-XL  upon  treatment 
with  ABT-263.  This  likely  contributes  to  the  mechanism  whereby 
MCL-1  expression  mitigates  the  apoptotic  response  induced  by 
ABT-263.  Incremental  overexpression  of  MCL-1  resulted  in  more 
BIM/MCL-1  complexes  (Fig.  2 E)  and  fewer  BIM/BCL-2  complexes, 
consistent  with  the  abrogation  of  apoptosis  induced  by  MCL-1 
overexpression.  Consistent  with  these  results  and  similar  to  the 
analyses  of  the  large  cell  line  panel  described  above,  BIM  or  MCL-1 
expression  alone  was  not  significantly  predictive  of  apoptosis  fol¬ 
lowing  ABT-263  therapy  in  a  subset  of  SCLC  cell  lines  (Fig.  2  F  and 
G).  However,  the  ratio  of  BIM/MCL-1  correlated  significantly  with 
apoptotic  response  in  SCLC  cell  lines  (Fig.  2 H).  Thus,  BIM  and 
MCL-1  levels  substantially  impact  sensitivity  to  ABT-263-mediated 
apoptosis  in  SCLC  cell  lines,  with  high  BIM  and  low  MCL-1  ex¬ 
pression  associated  with  enhanced  sensitivity  to  ABT-263. 

T0RC1/2  Inhibition  Suppresses  MCL-1  and  Sensitizes  SCLC  Cells  to 
ABT-263.  Despite  some  of  the  preclinical  promise  of  ABT-263 
against  SCLC  (Fig.  IE)  (5,  19),  ABT-263  has  demonstrated  minimal 
clinical  activity  in  SCLC  as  monotherapy  (22,  24).  BIM  levels  are 
higher  in  SCLC  relative  to  other  solid  tumor  cell  lines  (Fig.  ID  and 
SI  Appendix,  Fig.  S3),  but  MCL-1  levels  are  also  relatively  high  in 
SCLC  {SI Appendix,  Fig.  S5E),  suggesting  that  high  MCL-1  levels 
may  be  mitigating  the  efficacy  of  ABT-263  in  SCLC.  Consistent 
with  this  notion,  knockdown  of  MCL-1  using  two  different  siR- 
NAs  sensitized  the  H1048  SCLC  cell  line  to  ABT-263  (Fig.  21 
and  SI  Appendix,  Fig.  SC4).  We  therefore  sought  to  identify 
pharmacological  strategies  that  could  suppress  MCL-1  levels  and 
increase  sensitivity  to  ABT-263.  We  did  not  pursue  obatoclax, 
which  does  target  MCL-1  in  addition  to  other  BCL-2  family 
members,  because  early  clinical  trials  suggest  that  obatoclax 
causes  toxicity  independent  of  its  effects  on  BCL-2  family  pro¬ 
teins,  potentially  limiting  its  clinical  utility  (25-27).  Rather,  we 
considered  TORC1/2  inhibitors  because  they  suppress  MCL-1 
protein  levels  in  some  cancers  (7,  28-31).  We  observed  that  the 
TORC1/2  catalytic  inhibitor  AZD8055  (32)  potently  suppressed 
protein  levels  of  MCL-1  in  SCLC  cells  (Fig.  3A)  and  markedly 
enhanced  ABT-263-induced  apoptosis  in  four  different  SCLC 
cell  lines  examined  (Fig.  3 B).  BIM  immunoprecipitations  con¬ 
firmed  that  AZD8055  abrogated  the  formation  of  MCL-l/BIM 
complexes  normally  induced  by  ABT-263  treatment  (Fig.  3C  and 
SI  Appendix,  Fig.  S6 B;  compare  the  combination  to  ABT-263). 
Consistent  with  the  proposed  mechanism  of  apoptosis  induced 
by  this  combination,  overexpression  of  MCL-1  blocked  apoptosis 
induced  by  the  combination  (Fig.  3D  and  SI  Appendix,  Fig.  S6  C 
andD).  Importantly,  AZD8055  and  ABT-263  interfered  with  cell 
cycle  progression  in  all  SCLC  cell  lines  {SI  Appendix,  Fig.  S7). 
Thus,  the  combination  of  ABT-263  and  AZD8055  both  in¬ 
creased  apoptosis  and  induced  growth  arrest  of  SCLCs,  sug¬ 
gesting  that  this  combination  could  be  of  superior  efficacy 
compared  with  treatment  uniquely  targeting  BCL-2  family 
members.  Interestingly,  we  found  that  treatment  of  SCLC  cells 
with  rapamycin,  an  allosteric  mTOR  inhibitor,  diminished  ex¬ 
pression  of  pS6,  a  downstream  target  of  TORC1,  but,  unlike 
AZD8055  therapy,  failed  to  suppress  p4E-BPl  signaling,  lower 
MCL-1  levels,  or  sensitize  to  ABT-263  as  well  as  AZD8055  {SI 
Appendix,  Fig.  S8^4  andE).  These  data  are  consistent  with  other 
studies  demonstrating  that  TORC1/2  catalytic  inhibitors  more  ef¬ 
fectively  suppress  4E-BP1  phosphorylation  and  cap-dependent 
translation  than  rapamycin  or  rapalogs  (31,  33).  In  fact,  resistance 
to  single-agent  AZD8055  has  been  reported  to  emerge  through  re¬ 
activation  of  cap-dependent  translation,  including  that  of  MCL-1, 
in  the  presence  of  the  drug  (34).  Of  note,  although  others  found 
that  BCL2-associated  X  protein  (BAX)  plays  a  role  in  rapamycin 
sensitization  of  ABT-737  (35),  we  did  not  observe  an  increase  in 
BAX  expression  in  the  ABT-263/AZD8055  combination  treatment 
compared  with  ABT-263  treatment  {SI  Appendix,  Fig.  S8C)  despite 


the  induction  of  substantial  apoptosis  (~20%)  at  the  same  time 
point  {SI  Appendix,  Fig.  S8D). 

Previous  studies  have  suggested  that  mTOR  is  necessary  for  effi¬ 
cient  cap-dependent  translation  of  MCL-1,  and  thus  mTOR  inhib¬ 
itors  may  decrease  MCL-1  expression  by  decreasing  translation.  To 
determine  if  AZD8055  affected  the  half-life  of  MCL-1  protein,  we 
treated  H1048  cells  with  the  cytoplasmic  protein  synthesis  in¬ 
hibitor,  cycloheximide  (CHX),  alone  or  in  combination  with 
AZD8055.  We  found  the  rate  of  MCL-1  protein  degradation  was 
comparable  over  time  in  the  CHX-treated  cells  versus  the  CHX+ 
AZD8055  combination-treated  cells,  suggesting  a  similar  mode 
of  MCL-1  inhibition  between  CHX  and  AZD8055  {SI  Appen¬ 
dix,  Fig.  S9v4).  Treatment  at  6  h  with  AZD8055  alone  left 
a  nearly  equivalent  amount  of  cellular  MCL-1  as  CHX  alone  or 
the  combination  of  CHX  and  AZD8055  {SI  Appendix,  Fig.  S9 
A  and  B).  These  data  are  consistent  with  translational  inhibition 
being  the  major  mechanism  underlying  suppression  of  MCL-1 
protein  levels  following  mTORC  inhibition. 

Combination  of  ABT-263  and  AZD8055  Causes  Tumor  Regression  in 
Xenograft  Models.  We  next  assessed  the  efficacy  of  AZD8055  and 
ABT-263  in  vivo  using  H1048  and  H82  SCLC  cell  line  xenograft 
tumor  models.  ABT-263  has  been  shown  to  be  only  modestly  ef¬ 
fective  in  the  H1048  model  and  minimally  effective  in  the  H82  model 
(19)  and  therefore  may  be  more  representative  of  SCLC  clinical 
outcomes  with  single-agent  BH3  mimetics  such  as  ABT-263  (22,  24). 
Consistent  with  previous  data  (19),  ABT-263  (80  mg/kg/qd)  was 
partially  effective  in  established  H1048  xenografts,  whereas  single¬ 
agent  AZD8055  (16  mg/kg/qd)  modestly  slowed  tumor  growth  (Fig. 
3 E).  However,  the  combination  induced  marked  tumor  regressions 
to  nearly  undetectable  sizes  (Fig.  3 E).  In  the  faster-growing  H82 
xenografts,  ABT-263  was  ineffective  as  previously  reported  (19). 
Single-agent  AZD8055  had  a  modest  effect  on  tumor  growth  (Fig. 
3 E).  However,  the  combination  almost  completely  blocked  growth 
of  these  tumors  (Fig.  3 E).  Pharmacodynamic  studies  confirmed 
that  AZD8055  suppressed  phosphorylation  of  TORC1  targets  S6 
and  4E-BP1  and  decreased  MCL-1  protein  levels  in  vivo  (Fig. 
3E).  Moreover,  cleaved  caspase  3,  a  marker  of  apoptosis,  was 
significantly  increased  following  combination  treatment  (Fig.  3 G 
and  SI  Appendix,  Fig.  S1CL4),  consistent  with  the  in  vitro  studies. 
No  overt  toxicities  were  observed  in  the  tumor  bearing  mice 
treated  with  the  combination  {SI  Appendix,  Fig.  S10E). 

Combination  of  ABT-263  and  AZD8055  Is  Superior  to  Either  Drug 
Alone  in  a  SCLC  Genetically  Engineered  Mouse  Model.  Although  cell 
line  xenograft  models  of  SCLC  are  valuable  tools  for  assessing  drug 
activity  in  vivo,  they  may  not  fully  model  the  tissue  environment  and 
heterogeneity  of  autochthonous  tumors  (those  growing  in  their  native 
tissue  context).  To  rigorously  assess  the  activity  of  the  combination  of 
ABT-263  and  AZD8055  in  vivo,  we  used  a  GEMM  of  SCLC  (36). 
Tumors  are  initiated  in  this  model  via  conditional  inactivation 
of  both  alleles  of  Tp53  and  Rbl  in  pulmonary  neuroendocrine 
cells,  resulting  in  the  development  of  tumors  that  model  the 
histology,  metastatic  spread,  and  acquired  genetic  alterations 
observed  in  human  SCLC  (37-39).  Tumor-bearing  SCLC  GEMMs 
were  randomized  to  receive  no  treatment,  AZD8055  alone  (16mg / 
kg/qd),  ABT-263  alone  (80  mg/kg/qd),  or  both  ABT-263  and 
AZD8055  and  were  treated  for  21  d  (Fig.  44).  Magnetic  resonance 
imaging  (MRI)  of  the  thorax  was  performed  1  day  before  starting 
treatment  and  on  day  21  of  treatment,  and  lung  tumor  volumes 
pre-  and  posttreatment  were  quantified.  Most  animals  had  exactly 
one  measurable  lung  tumor.  If  more  than  one  tumor  was  observed 
in  separate  lobes  of  the  lungs,  the  larger  tumor  was  measured. 
Only  tumors  that  were  histologically  confirmed  to  be  high-grade 
neuroendocrine  tumors  or  had  clear  evidence  of  distant  metastatic 
spread  on  MRI  were  included  in  the  analysis.  Tumors  progressed 
in  all  untreated  animals  {n  =  7),  although  we  observed  significant 
variability  in  the  rate  of  progression  over  the  21-d  period  (Fig.  4  B-D 
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Fig.  3.  Combination  treatment  with  ABT-263  and  the  TORC1/2  inhibitor  AZD8055  leads  to  robust  apoptosis  and  antitumor  activity  in  vivo.  ( A  and  B)  The  indicated  SCLC 
cell  lines  were  treated  with  no  drug  (-),  500  nM  AZD8055,  1  \iM  ABT-263,  or  a  combination  of  500  nM  AZD8055  and  1  |iM  ABT-263.  (A)  After  16  h  of  treatment,  lysates 
were  probed  with  the  indicated  antibodies.  ( B )  After  72  h  of  treatment,  cells  were  prepared  and  stained  with  propidium  iodide  and  Annexin-V,  and  apoptosis  was 
measured  by  FACS  analysis  of  the  percentage  of  cells  with  Annexin-V  positivity.  Bars  represent  mean  the  amount  of  apoptosis  induced  by  each  treatment  minus  control. 
Error  bars  are  SD  (n  =  3).  **P<  0.05  by  Student's  t test,  ABT-263  versus  combination  treatment  group  and  AZD8055  versus  combination  group.  (C)  HI 048  cells  were  treated 
with  no  drug  (-),  1  |iM  ABT-263,  500  nM  AZD8055,  or  500  nM  AZD8055/1  |iM  ABT-263  for  2  h,  and  lysates  were  immunoprecipitated  with  BIM  antibody  or  IgG  negative 
control.  Precipitates  were  analyzed  by  Western  blot  analyses  with  the  indicated  antibodies.  (D)  HI 048  cells  transduced  with  lentiviral  particles  expressing  GFP  alone  (GFP)or 
GFP-IRES-MCL-1  (the  "high"-expressing  MCL-1  cells  from  Fig.  20  were  treated  with  either  no  drug  (-)  or  500  nM  AZD8055/1  |aM  ABT-263.  Following  72  h  of  treatment,  cells 
were  prepared  and  stained  with  propidium  iodide  and  Annexin-V,  and  apoptosis  was  measured  by  FACS  analysis  of  the  percentage  of  cells  with  Annexin-V  positivity.  Bars 
represent  mean  percentage  of  apoptotic  cells  following  combination  treatment  over  control.  Error  bars  are  SD  (n  =  3).  (£)  Human  SCLC  HI 048  and  H82  cells  were  grown 
as  xenograft  tumors  in  Nu/Nu  mice,  and,  when  tumors  were  ~1 00-200  mm3,  mice  were  randomized  into  treatment  cohorts:  control  (no  drug),  16  mg/kg/qd  AZD8055, 
80  mg/kg/qd  ABT-263,  or  the  combination  of  AZD8055  and  ABT-263.  AZD8055  was  given  ~1 .5  h  before  ABT-263  for  combination  treatments.  Tumor  measurements  were 
performed  approximately  three  times  per  week  by  calipers,  and  the  average  tumor  volume  +  SEM  for  each  cohort  is  displayed,  (f)  Tumors  were  harvested  from  HI 048 
tumor-bearing  mice  approximately  3  h  after  drug  administration  at  the  end  of  treatment  and  tumor  lysates  were  subjected  to  Western  blot  analyses  and  probed  with  the 
indicated  antibodies.  (G)  Slides  were  prepared  from  formalin-fixed  tissue  of  HI  048-tumor  bearing  mice  approximately  3  h  after  drug  administration  and  stained  with  CC3 
to  quantify  apoptosis.  Quantification  of  CC3  is  shown  in  SI  Appendix,  Fig.  S10A 


and  SI  Appendix,  Table  SI).  All  tumors  treated  with  AZD8055  alone 
progressed  (n  =  5)  (Fig.  4  B,  E,  and  F  and  SI  Appendix,  Table  SI).  Of 
six  tumors  treated  with  ABT-263,  five  progressed  and  one  regressed 
(Fig.  4  B,  G,  and  H  and  SI  Appendix,  Table  SI).  By  contrast,  in  six 
animals  treated  with  the  combination  of  ABT-263  and  AZD8055, 
three  tumors  regressed  and  three  others  showed  relatively  limited 
tumor  progression  (Fig.  4  B,  I,  and /and  SI  Appendix,  Table  SI).  The 
responses  of  tumors  to  the  combination  of  ABT-263  and  AZD8055 


were  significantly  superior  to  responses  either  to  the  drug  alone  or  to 
no  treatment.  Consistent  with  these  findings  and  those  in  the  human 
xenograft  models  (Fig.  3  E-G ),  CC3  staining  in  allografted  SCLC 
GEMM  tumors  was  markedly  apparent  in  the  combination  treat¬ 
ment  at  the  3-d  time  point  (Fig.  4  K-N),  again  indicating  a  strong 
apoptotic  response  following  administration  of  this  regimen. 
Ex  vivo  cell  lines  derived  from  SCLC  GEMMs  treated  with 
AZD8055  had  reduction  of  MCL-1  protein  levels  and  were  sensitized 
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Fig.  4.  Combination  ABT-263  and  AZD8055  induce  tumor  regressions  in  a  GEMM  of  SCLC.  (A)  Schematic  of  GEMM  experiment.  Gray  space  in  mouse  drawing 
indicates  lung;  red  circle  indicates  lung  tumor.  ( B )  SCLC  GEMMs  harboring  radiographically  measurable  lung  tumors  were  randomized  to  receive  treatment  for  21  d 
with  80  mg/kg/day  ABT-263,  16  mg/kg/day  AZD8055,  combination  ABT-263/AZD8055,  or  no  treatment.  Chest  and  upper  abdomen  were  imaged  by  MRI  on  the  day 
before  starting  treatment  and  on  day  21  of  treatment.  For  each  animal,  the  largest  single  lung  tumor  that  was  histologically  confirmed  to  be  a  high-grade  neu¬ 
roendocrine  tumor  was  measured  radiographically,  and  volume  was  computed.  The  percentage  of  tumor  volume  change  for  each  animal  is  plotted  as  a  single  circle, 
with  black  bars  indicating  mean  and  SEM.  Also  included  for  comparison  is  the  percentage  of  tumor  volume  change  by  MRI  when  equivalent  GEMMs  were  treated 
with  cisplatin  (7  mg/kg  IP  on  days  1  and  8)  and  etoposide  (10  mg/kg  on  days  2  and  9).  Notably,  the  follow-up  imaging  time  point  for  the  chemotherapy-treated 
animals  was  28  d.  Unpaired  two-tailed  t  tests  for  statistical  significance  comparing  tumor  volume  percentage  change  between  pairs  of  datasets  were  performed. 
Untreated  versus  ABT-263/AZD8055:  P  =  0.0222.  AZD8055  versus  ABT-263/AZD8055:  P  =  0.00350.  ABT-263  versus  ABT-263/AZD8055:  P  =  0.0333.  Cisplatin/etoposide 
versus  ABT-263/AZD8055:  0.1589  (not  significant).  ( C-J)  Representative  examples  of  MRI  images  (with  tumors  outlined  in  green)  on  day  1  and  day  21  of  a  21  -d 
treatment  period,  with  the  treatment  indicated.  The  asterisk  in  G  and  H  indicates  additional  tumor  in  a  separate  lobe,  which  is  not  included  in  measurements.  (Scale 
bar:  5.0  mm.)  (K-N)  A  GEMM  SCLC  tumor  was  dissected  from  the  lung  and  implanted  s.c.  into  a  NSG  mouse.  An  established  tumor  in  the  NSG  mouse  was  then 
divided  and  s.c.  implanted  directly  into  four  nu/nu  NSG  mice.  There  was  no  in  vitro  intermediate.  Once  tumors  were  established,  nu/nu  mice  were  treated  for  3  d 
with  (K)  vehicle  for  both  drugs,  ( L )  AZD8055  (16  mg/kg/qd),  (M)  ABT-263  (80  mg/kg/qd),  (A/)  ABT-263  (80  mg/kg  PO  daily),  and  AZD8055  (16  mg/kg  PO  daily). 
Tumors  were  collected  and  fixed  3  h  after  the  final  treatment.  Sections  from  tumor  were  stained  to  detect  CC3,  shown  as  brown  stain.  (Scale  bar:  100  \im.) 


to  ABT-263  (SI  Appendix ,  Fig.  Sll  A  and  B),  consistent  with  the 
mechanism  delineated  in  human  cell  lines  and  the  activity  observed 
in  vivo. 

SCLC  tumors  often  respond  to  first-line  chemotherapy  in 
patients,  although  these  responses  are  almost  invariably  transient.  To 
provide  context  for  the  responsiveness  to  the  AZD8055/ABT-263 
combination  in  the  SCLC  GEMM  model,  we  treated  mice  with 
a  combination  of  cisplatin  (7  m^kg  IP  on  days  1  and  8)  and  eto¬ 
poside  (10  m^kg  on  days  2  and  9),  the  standard  chemotherapies 
used  to  treat  SCLC  in  patients.  When  we  compared  responses  to 
the  combination  chemotherapy  at  day  28  to  responses  to  the  tar¬ 
geted  therapy  combination  at  day  21,  the  regimen  of  ABT-263  and 
AZD8055  improved  responses,  although  the  differences  did  not 
reach  statistical  significance  (Fig.  4 B).  These  data  show  an  en¬ 
couraging  efficacy  of  the  ABT-263/AZD8055  combination  therapy 
in  reference  to  standard  of  care  chemotherapy  in  this  model. 

AZD8055  Sensitizes  a  SCLC  Patient-Derived  Xenograft  Model  to  ABT-263. 

To  further  gain  insight  into  the  translational  potential  of  our  find¬ 
ings,  we  next  determined  the  efficacy  of  the  combination  in  a  third 


type  of  in  vivo  model,  a  patient-derived  xenograft  (PDX).  This  type 
of  in  vivo  model  may  more  faithfully  recapitulate  the  high  de¬ 
gree  of  genomic  complexity  of  the  human  disease.  Patient-derived 
xenografts  derived  from  a  histologically  confirmed  SCLC  case  were 
implanted  into  NOD  scid  gamma  (NSG)  mice,  and  mice  were 
monitored  for  tumor  growth  (Fig.  5A  and  SI  Appendix,  Fig.  S12). 
Growing  tumors  were  subsequently  treated  with  either  single¬ 
agent  ABT-263  (80  mg/kg/qd)  (n  =  4)  or  the  combination  of  ABT- 
263  (80  mg/kg/qd)  and  AZD8055  (16  mg/kg/qd)  (n  =  4)  (there 
were  not  enough  tumor-bearing  mice  to  treat  with  single-agent 
AZD8055).  Consistent  with  a  recent  report  highlighting  overall 
modest  activity  of  ABT-737  against  PDXs  of  SCLC  (35),  the  tumors 
in  all  mice  treated  with  single-agent  ABT-263  grew  fairly  rapidly 
despite  drug  treatment  (Fig.  5A).  In  contrast,  the  addition  of 
AZD8055  to  ABT-263  led  to  consistent  tumor  regressions  and 
showed  no  sign  of  regrowth  when  the  experiment  was  ended 
~50  d  after  drug  treatments  began  (Fig.  5A).  Additionally,  phar¬ 
macodynamic  analyses  of  the  tumors  demonstrated  marked  de¬ 
crease  in  MCL-1  expression  in  the  combination  cohort  (Fig.  5B). 
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Fig.  5.  Addition  of  AZD8055  to  ABT-263  sensitizes  a  PDX  model  of  SCLC. 

(A)  Pieces  of  a  patient-derived  SCLC  tumor  were  implanted  into  NSG  mice 
and  monitored  for  subsequent  growth.  Upon  growing  to  ~1 50-300  mm3, 
tumors  were  treated  with  ABT-263  (80  mg/kg/qd)  or  ABT-263  (80  mg/kg/qd) 
plus  AZD8055  (16  mg/kg/qd).  AZD8055  was  given  ~1.5  h  before  ABT-263  for 
combination  treatments.  Tumor  measurements  were  performed  approxi¬ 
mately  three  times  per  week  by  calipers,  and  the  average  tumor  volume  +  SEM 
for  each  cohort  is  displayed.  Treatment  start  is  indicated  by  an  arrow. 

(B)  Approximately  3  h  after  final  drug  administration,  tumors  were  surgically 
excised  and  tumor  lysates  were  prepared  and  subjected  to  Western  blot  analyses 
and  probed  with  the  indicated  antibodies.  ABT-263-treated  and  ABT-263  and 
AZD8055  combination-treated  (ABT+AZD)  tumors  were  compared  to  two  un¬ 
treated  tumors  (No  Rx).  Each  number  represents  a  tumor  from  a  unique  mouse. 


These  data  indicate  substantial  activity  of  this  combination  in  a  third 
type  of  SCLC  preclinical  model  and  demonstrate  that,  in  a  SCLC 
PDX  model,  AZD8055  down-regulates  MCL-1  to  sensitize  SCLC 
to  ABT-263. 

Efficacy  of  Low-Dose  ABT-263  Plus  AZD8055  in  Vitro  and  in  Vivo. 

Therapeutic  dosing  in  humans  is  sometimes  limited  by  drug  tox¬ 
icides  that  often  preclude  sufficient  target  inhibition  in  patients.  The 
synergistic  effect  of  the  ABT-263/AZD8055  combination  promp¬ 
ted  us  to  test  whether  lower  doses  of  either  AZD8055  or  ABT- 
263  could  still  efficiently  suppress  cell  viability  and  demonstrate 
in  vivo  efficacy.  In  human  SCLC  cell  lines,  we  found  that  even 
low-nanomolar  doses  of  AZD8055  (5  or  16.66  nM)  were  suffi¬ 
cient  to  sensitize  SCLCs  to  ABT-263  (100  nM)  (Fig.  6 A).  This 
sensitization  to  low-dose  AZD8055  was  also  observed  in  the  ex 
vivo  cell  lines  derived  from  SCLC  GEMMs  (SI  Appendix ,  Fig. 
SI  IB).  Similarly,  a  low  dose  of  ABT-263  (3.3  nM)  was  sufficient 
to  strongly  suppress  cell  viability  in  combination  with  50  nM 
AZD8055  (SI Appendix,  Fig.  S13).  In  the  H211  cell  line,  which  is 
sensitive  to  single-agent  ABT-263  in  vitro  and  in  vivo  (19),  ad¬ 
dition  of  AZD8055  further  sensitized  cells  to  ABT-263  (Fig.  6/1). 
Furthermore,  in  the  presence  of  ABT-263,  p4E-BPl  was  almost 
fully  suppressed  and  MCL-1  was  significantly  down-regulated 
by  low-nanomolar  doses  of  AZD8055  (Fig.  6 B).  In  the  dose- 
response  analyses,  the  amount  of  apoptosis  induced  by  the  combi¬ 
nation  was  inversely  related  with  the  amount  of  MCL-1  protein 
remaining  in  response  to  increasing  doses  of  AZD8055  (Fig.  6C). 
These  in  vitro  findings  prompted  us  to  assess  lower  doses  of 


AZD8055  in  vivo.  Strikingly,  a  low  dose  of  2  mg/kg  of  AZD8055  (Fig. 
6 D,  compared  with  16  mg/kg,  Fig.  3 E)  in  combination  with  ABT-263 
(80  mg/kg)  was  sufficient  to  induce  regressions  in  the  H1048  SCLC 
xenograft  model. 

Discussion 

Direct  targeting  of  apoptotic  regulators  has  emerged  as  an  effective 
therapeutic  approach  in  cancer.  One  such  class  of  compounds 
includes  BH3  mimetics,  such  as  ABT-263,  which  block  the  binding  of 
BCL-2  and  BCL-XL  to  BIM  and  other  proapoptotic  proteins.  In  this 
study,  we  examined  the  efficacy  of  ABT-263  across  a  panel  of  cancer 
cell  lines  and  observed  that  the  ratio  of  BIM  to  MCL-1  predicted 
sensitivity  (Fig.  1  and  SI  Appendix,  Fig.  SI).  These  data  agree  with 
a  recent  report  by  Roberts  et  al.  showing  that  a  high  BIM  to  MCL-1 
ratio  indicated  a  favorable  response  to  ABT-263  in  nine  patients  with 
chronic  lymphocytic  leukemia  (11). 

There  is  significant  interest  in  further  developing  BH3  mimetics  to 
treat  SCLC,  and  thus  we  specifically  sought  to  improve  the  efficacy  of 
ABT-263  in  these  cancers.  We  found  that,  although  levels  of  BIM 
were  relatively  high  in  SCLC  lines  (Fig.  ID),  MCL-1  levels  were  also 
relatively  high,  contributing  to  ABT-263  resistance  (SI  Appendix,  Fig. 
S 5E).  Thus,  high  BIM  levels  may  “prime”  SCLC  for  apoptosis  and  in 
this  way  contribute  to  the  sensitivity  of  SCLC  to  ABT-263.  However, 
the  lack  of  sensitivity  of  SCLC  to  ABT-263  in  the  clinic  may  be 
a  result  of  high  MCL-1  levels  in  these  cancers.  Therefore,  we  used 
these  data  as  a  rationale  to  develop  a  novel  targeted  therapy  for 
SCLC  based  on  the  intrinsic  high  levels  of  BIM  and  the  need  to 
suppress  MCL-1  (via  TORC  inhibition)  to  sensitize  to  ABT-263.  The 
ABT-263/TORC1/2  inhibitor  combination  strategy  was  more 
effective  than  either  agent  alone,  not  only  in  increasing  the  in¬ 
duction  of  apoptosis,  but  also  in  suppressing  proliferation.  In¬ 
ducing  both  apoptosis  and  growth  arrest  recapitulates  the 
effects  of  other  successful  targeted  therapy  paradigms  (2),  in¬ 
cluding  EGFR  inhibitors  for  EGFR  mutant  lung  cancers  and 
ALK  inhibitors  for  ALX-positive  lung  cancers. 

Notably,  the  enhanced  induction  of  apoptosis  and  tumor  re¬ 
gression  by  the  combination  of  ABT-263  and  AZD8055  was  achieved 
even  with  low  concentrations  of  AZD8055  in  both  cell  lines  and 
mouse  xenografts  and  was  directly  correlated  with  the  relative  re¬ 
duction  in  MCL-1  protein  level  (Fig.  6).  This  suggests  that  AZD8055 
may  be  effectively  combined  with  ABT-263  even  at  doses  that 
would  otherwise  be  subtherapeutic  as  a  single  agent,  widening 
the  potential  therapeutic  window  of  this  combination.  As  other 
BH3  mimetics  are  being  currently  developed  in  the  clinic,  it  will 
be  interesting  to  determine  the  differential  activity  of  each  to 
build  on  the  promising  concept  of  combining  TORC  inhibitors 
with  BH3  mimetics. 

A  recent  report  by  Gardner  et  al.  demonstrated  that  rapamycin 
sensitized  several  SCLC  human  cell  lines  and  PDXs  to  the  struc¬ 
turally  related  BH3-mimetic  ABT-737  (35).  However,  our  study 
reveals  significant  differences  between  the  two  approaches.  Unlike 
the  TORC  catalytic  site  inhibitor,  rapamycin  fails  to  significantly 
down-regulate  MCL-1  (57  Appendix,  Fig.  S&4).  This  finding  is  con¬ 
sistent  with  results  demonstrating  that  TORC1/2  catalytic  inhibitors 
more  effectively  suppress  4E-BP1  phosphorylation  and  cap-depen¬ 
dent  translation  than  rapamycin  or  rapalogs  (31,  33).  Thus,  the 
TORC  catalytic  inhibitor  is  uniquely  capable  of  down-regulating 
MCL-1  protein  expression,  which  is  key  for  the  combination  to  in¬ 
duce  apoptosis.  Indeed,  we  found  that  addition  of  rapamycin  did  not 
consistently  increase  the  amount  of  apoptosis  induced  by  ABT-263 
(SI  Appendix,  Fig.  S87?).  Another  major  difference  between  these 
therapeutic  approaches  is  that  the  AZD8055/ABT-263  combination 
appears  effective  in  low-BCL-2-expressing  SCLCs  (NCI-H82  and 
NCI-H446,  Figs.  3  B  and  E  and  6 A),  which  Gardner  et  al.  (35)  found 
were  resistant  to  the  combination  of  rapamycin  with  ABT-737. 
In  contrast  to  the  findings  reported  by  Gardner  et  al.  (35),  we  did 
not  observe  that  ABT-263,  rapamycin,  or  AZD8055  consistently  af¬ 
fected  BAX  levels  (Figs.  3 F  and  5B  and  SI  Appendix,  Fig.  S8C).  One 
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Fig.  6.  Low  doses  of  AZD8055  sensitize  SCLC  to  ABT-263.  (A)  SCLC  cell  lines  were  treated  with  no  drug  (Media),  100  nM  ABT-263  (ABT-263  only),  or  100  nM  ABT-263  in 
combination  with  the  indicated  dose  of  AZD8055  (ranging  from  5  to  5,000  nM  AZD8055)  for  7  d.  The  number  of  viable  cells  was  determined  by  CellTiter-Glo  and  presented 
as  fold-change  of  cells  compared  with  day  0  (i.e.,  negative  values  represent  loss  of  cells  from  day  0).  Error  bars  are  SD  of  cells  treated  in  triplicate.  ( B )  H 1 048  cells  were  treated 
with  the  indicated  dose  of  AZD8055  with  100  nM  ABT-263  or  100  nM  ABT-263  alone  (-)  for  16  h,  and  equal  amounts  of  lysates  were  subjected  to  Western  blot  analyses 
and  probed  with  the  indicated  antibodies.  (C)  The  amount  of  MCL-1  protein  relative  to  GAPDH  as  determined  by  quantification  on  a  SynGene  GBox  was  plotted  against 
the  amount  of  apoptosis  induced  by  the  corresponding  72  h  drug  treatments  (as  determined  by  FACS  analysis  of  the  percentage  of  Annexin-V-positive  cells,  treatment 
minus  no-treatment  control).  Note:  AZD8055  treatments  were  in  the  presence  of  1 00  nM  ABT-263,  as  in  ( B ).  For  the  linear  regression  analysis,  the  R2  value  was  0.939  and  the 
P  value  was  0.007.  (D)  HI  048  cells  were  grown  as  xenograft  tumors  in  Nu/Nu  mice.  When  tumors  reached  ~100-200  mm3,  mice  were  randomized  into  treatment  cohorts: 
control  (no  drug),  2  mg/kg  AZD8055,  or  the  combination  of  AZD8055  (2  mg/kg)  and  ABT-263  (80  mg/kg).  AZD8055  was  given  ~1.5  h  before  ABT-263  for  combination 
treatments.  Tumor  measurements  were  performed  approximately  three  times  per  week  by  calipers,  and  the  average  tumor  volume  ±  SEM  for  each  cohort  is  displayed. 


possibility  for  this  difference  is  that  Gardner  et  al.  (35)  assessed  for 
changes  in  BAX  expression  after  more  prolonged  treatment  (1  d 
to  1  w).  Although  we  did  not  detect  BAX  changes  after  >14  d  of 
treatments  in  the  H1048  xenograft  model  (Fig.  3 F)  or  in  the  PDX 
model  of  SCLC  (~50  d  of  treatment),  we  assayed  for  BAX  expres¬ 
sion  only  at  shorter  time  points  in  vitro  (16  h).  Thus,  BAX  regulation 
through  TORC1  inhibition  may  be  a  later  event  in  some  models  of 
SCLC.  Importantly,  Gardner  et  al.  (35)  observed  that  the  mTOR 
pathway  was  active  in  all  of  the  PDX  models  that  they  studied,  fur¬ 
ther  supporting  the  concept  that  combining  mTORC  catalytic 
site  inhibitors  with  BH3  mimetics  in  SCLC  could  be  beneficial. 

Interestingly,  we  observed  that  the  BIM  to  MCL-1  ratio  predicted 
sensitivity  to  ABT-263  not  only  in  SCLC,  but  also  across  a  large  panel 
of  cancer  cells  encompassing  a  wide  range  of  malignancies  (Fig.  IB 
and  SI  Appendix ,  Fig.  SID).  We  indeed  recently  reported  that  com¬ 
bination  ABT-263  and  AZD8055  also  showed  efficacy  in  KRAS  and 
BRAF  mutant  colorectal  cancers  (7).  In  that  study,  we  demonstrated 
that  AZD8055  led  to  loss  of  MCL-1  in  those  cancers,  thereby  sen¬ 
sitizing  to  ABT-263.  However,  this  combination  therapy  was  not 
effective  in  KRAS  and  BRAF  wild-type  colorectal  cancers,  where 
TORC1/2  inhibition  failed  to  suppress  MCL-1.  Thus,  it  is  likely  that 
this  combination  therapy  may  specifically  be  effective  for  cancers  in 
which  TORC1/2  inhibition  suppresses  MCL-1  expression. 

We  extended  our  study  beyond  the  more  traditional  preclinical 
strategies  by  using  both  a  SCLC  GEMM  model  and  a  PDX  from 
a  patient  with  SCLC.  Importantly,  each  autochthonous  tumor  in  the 
SCLC  GEMM  model,  although  initiated  by  inactivation  of  Tp53 
and  Rbl,  develops  a  unique  set  of  additional  genetic  alterations  (39). 


Furthermore,  tumors  themselves  are  heterogeneous,  harboring  mul¬ 
tiple  distinct  subclones  (39).  Autochthonous  GEMM  tumors  may 
therefore  more  closely  recapitulate  the  genetic  heterogeneity  found 
in  human  SCLC  tumors  (24,  40,  41)  and  may  be  a  more  rigorous 
assay  for  therapeutic  efficacy  than  in  vitro  studies  or  mouse  xenograft 
models.  They  also  model  the  tumor  microenvironmental  features  and 
immune  interactions  of  human  disease  more  fully  than  s.c.  xenografts 
in  immune-compromised  hosts.  The  fact  that  we  consistently  ob¬ 
served  stabilization  or  regression  of  tumors  in  response  to  combina¬ 
tion  of  ABT-263  and  AZD8055  in  the  GEMM,  compared  with  either 
drug  alone,  further  supports  the  notion  that  this  combination  may  be 
more  broadly  active  in  patients  than  ABT-263  monotherapy.  Notably, 
of  six  autochthonous  tumors  treated  with  ABT-263  alone,  one 
showed  significant  regression  whereas  the  other  five  significantly 
progressed.  This  range  of  sensitivities  also  mirrors  the  range  of  sen¬ 
sitivities  to  ABT-263  in  human  cell  lines  and  in  patients  (19,  24). 

There  was  a  trend  toward  GEMM  tumors  responding  more  to 
ABT-263  and  AZD8055  than  to  the  standard  of  care  chemotherapies 
used  in  patients,  cisplatin  and  etoposide.  The  relative  lack  of  response 
of  the  GEMM  tumors  to  cisplatin  and  etoposide  is  interesting  be¬ 
cause,  by  contrast,  human  SCLC  tumors  have  a  response  rate  of 
~50%  to  combination  platinum  and  etoposide  (42).  Consistent 
with  our  findings,  Singh  and  colleagues  (43)  showed  that  Tp53/ 
Rbl- deleted  SCLC  GEMMs  were  only  modestly  sensitive  to 
combination  carboplatin  and  irinotecan,  which  have  similar  clini¬ 
cal  efficacy  as  cisplatin  and  etoposide  in  patients  (42,  44).  The 
SCLC  GEMM  may  therefore  more  closely  resemble  a  chemo¬ 
therapy-resistant  subset  of  human  SCLC.  If  this  is  true,  then  our 
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study  supports  the  use  of  the  combination  of  ABT-263  and 
TORC1/2  inhibition  even  in  second  line  setting  in  patients.  Al¬ 
ternatively,  it  is  possible  that  we  did  not  achieve  sufficient  levels  of 
cisplatin  and  etoposide  in  the  mice  to  induce  the  extent  of  tumor 
regression  often  seen  in  patients. 

Our  PDX  study  demonstrated  lack  of  efficacy  of  single-agent 
ABT-263,  consistent  with  the  lack  of  efficacy  observed  with 
single-agent  ABT-737  by  Gardner  et  al.  (35).  The  combination, 
however,  induced  regressions  of  all  of  the  combination-treated 
tumors  (Fig.  5A).  Taken  together  with  the  potent  efficacy  dem¬ 
onstrated  in  the  human  xenograft  mouse  models  of  SCLC 
(Fig.  3)  and  the  GEMM  model  (Fig.  4),  the  effect  of  the  com¬ 
bination  of  AZD8055  and  ABT-263  was  consistent  and  pro¬ 
found  across  several  mouse  models,  even  at  low  concentrations 
of  AZD8055  (Fig.  6 D). 

Overall,  we  found  that  high  BIM  levels  helped  promote  sensi¬ 
tivity  to  BCL-2/BCL-XL  inhibitors  in  SCLC,  but  efficacy  was  miti¬ 
gated  by  MCL-1.  The  addition  of  TORC1/2  inhibitors  to  BCL-2/ 
BCL-XL  inhibitors  in  SCLCs  can  lead  to  marked  tumor  responses 
in  an  array  of  complementary  mouse  models  and  therefore  may 
improve  the  efficacy  of  BH3  mimetics  for  the  treatment  of  SCLC. 

Materials  and  Methods 

All  materials  and  methods  are  described  in  SI  Appendix.  These  include  information 
on  cell  lines,  Western  blotting,  immunoprecipitation,  plasmid  preparation,  siRNA 
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Supporting  Figure  Legends. 


Supporting  Figure  1.  BIM/MCL-1  ratios  predict  sensitivity  to  ABT-263  in  an 
independent  gene  expression  data  set.  (A)  Scatter  plot  of  ABT-263  IC50  (pM)  values 
plotted  on  a  natural  log  scale  versus  relative  BIM  expression  levels  measured  from 
Wooster  et  al.  (https://www.oncomine.eom/l  (n=133).  A  linear  regression  analysis  was 
used  to  assign  a  coefficient  of  determination  (R2)  of  0.059  and  a  P  value  of  0.0048.  (B) 
Scatter  plot  of  ABT-263  IC50  (pM)  values  on  the  natural  log  scale  versus  relative  MCL-1 
RNA  expression  levels  measured  from  the  CCLE45.  A  linear  regression  analysis  was  used 
to  assign  a  coefficient  of  determination  (R2)  of  0.097  and  a  P  value  of  2.22e-08.  (C) 
Scatter  plot  of  ABT-263  IC50  (pM)  values  plotted  on  a  natural  log  scale  versus  relative 
MCL-1  RNA  expression  levels  using  the  gene  expression  set  from  Wooster  et  al.  A 
linear  regression  analysis  was  used  to  assign  a  coefficient  of  determination  (R2)  of  0.1 15 
and  a  P  value  of  6.91e-05.  (D)  Scatter  plot  of  ABT-263  IC50  (pM)  values  on  the  natural 
log  scale  versus  the  ratio  of  BIM/MCL-1  expression  levels.  A  linear  regression  analysis 
was  used  to  assign  a  coefficient  of  determination  (R  )  of  0.164  and  a  P  value  of  1.28e-06. 
Expression  levels  were  from  Wooster  et  al.  (E)  Scatter  plots  comparing  IC50  (pM)  values 
plotted  on  a  natural  log  scale  between  cell  lines  with  high  BIM  expression  (top  20%)  and 
low  MCL-1  expression  (cut-off  at  the  median),  cell  lines  with  high  BIM  expression  (top 
20%)  and  high  MCL-1  expression  (cut-off  at  the  median),  and  cell  lines  with  low  BIM 
expression  and  low  MCL-1  expression.  Expression  levels  of  BIM  and  MCL-1  represent 
the  data  by  Wooster  et  al.  The  red  bars  indicate  the  geometric  means  of  the  IC50s  for 
each  group  of  cell  lines.  An  unpaired  t-test  with  Welch’s  correction  was  used  to  assign  a 


P  value  for  differential  IC50s  between  the  BIM  high! MCL-1  low  group  and  the  two  other 
groups,  P  =0.039  and  P  =0.0141,  respectively. 

Supporting  Figure  2.  BIM/MCL-1  is  a  superior  predictor  of  sensitivity  to  ABT-263 
across  solid  tumor  cancer  cell  lines.  Scatter  plot  of  ABT-263  IC50  (pM)  values  plotted 
on  a  natural  log  scale  versus  (A)  relative  BIM  expression  levels  (B)  relative  BIM/MCL-1 
expression  levels  (C)  relative  BCL-XL  levels  (D)  relative  BCL-XL/MCL-1  levels  (E) 
BCL-2  levels  and  (F)  relative  BCL-2/MCL-1  levels  of  all  solid  tumor  cell  lines. 
Expression  levels  were  taken  from  the  CCLE45.  A  linear  regression  analysis  was  used  to 
assign  a  coefficient  of  determination  (R2)  of  0.024  and  P  value  of  0.0103  for  (A),  an  R2  of 
0.069  and  a  P  value  of  <0.0001  for  (B),  an  R2  of  0.001  and  a  P  value  of  0.4018  (P=NS) 
for  (C),  an  R2  of  0.009  and  a  P  value  of  0.2156  (P=NS)  for  (D),  an  R2  of  0.010  and  a  P 
value  of  0.0961  (P=NS)  for  (E),  and  a  R2  of  0.040  and  a  P  value  of  0.0009  for  (F). 

Supporting  Figure  3.  SCLC  cells  express  high  levels  of  BIM  compared  to  other  solid 
tumor  cancers.  Box  plot  showing  increased  expression  of  BIM  in  SCLC  cell  lines 
compared  to  other  solid  tumors  using  the  dataset  from  Wooster  et  al. 
(https://www.oncomine.com/") .  A  Wilcoxon  rank  sum  test  was  used  to  assign  a  P  value  of 
0.001  between  the  two  groups. 


Supporting  Figure  4.  ABT-263  has  anti-cancerous  effects  in  different  cancers,  and 
has  enhanced  activity  in  SCLC.  Key  for  different  cancer  types  shown  in  Figure  IE. 


Supporting  Figure  5.  A  second  BIM  siRNA  reduces  ABT-263-induced  apoptosis, 

BIM  Ab  binds  to  and  immunoprecipitates  BIM,  and  elevated  MCL-1  levels  in  SCLC. 

(A)  SCLC  SW1271  and  H1048  cells  were  treated  with  either  50  nM  scrambled  (sc)  or 
BIM  siRNA  (Dharmacon),  and,  the  next  day,  cells  were  treated  with  or  without  ABT-263. 
Then,  (A)  cells  were  prepared  and  stained  with  propidium  iodide  and  Annexin-V. 
Apoptosis  was  measured  by  FACS  analysis  of  percent  of  cells  positive  for  Annexin-V  72 
h  after  treatment,  (the  amount  of  apoptotic  cells  caused  by  ABT-263  treatment  minus  no 
drug  treatment),  or  (B)  lysed  and  separated  by  SDS-PAGE,  subjected  to  Western  blot, 
and  probed  with  the  indicated  antibodies.  (C)  Western  blot  analysis  of  H1048  cells 
expressing  GFP  alone  (GFP)  or  GFP-IRES-MCL- 1  (“low”)  and  (“high”).  The  H82  cell 
line  is  included  for  comparision.  (D)  Equal  amounts  of  HI 048  protein  extracts  (“E”)  prior 
to  BIM  immunoprecipitation  (Fig.  2E)  and  in  the  resultant  supernatant  (“S”)  were  probed 
with  the  indicated  antibodies.  (E)  Box  plot  showing  increased  expression  of  MCL-1  in 
SCLC  cell  lines  compared  to  other  solid  tumors.  A  Wilcoxon  rank  sum  test  was  used  to 
assign  a  P  value  for  differential  expression  between  the  two  groups,  P  value  of  1.24e-05. 
Expression  values  were  taken  from  the  CCLE45. 

Supporting  Figure  6.  MCL-1  affects  ABT-263  sensitivity,  and  AZD8055  disrupts 
ABT-263-mediated  accumulation  of  BIM:MCL-1  complexes.  (A)  SCLC  H1048  cells 
were  treated  with  either  100  nM  scrambled  (sc)  or  MCL-1  siRNA  (Cell  Signaling 
Technologies)  for  24  h.  Cells  were  either  (left)  re-seeded  and  treated  the  following  day 
with  no  drug  (control)  or  ABT-263  and  prepared  for  FACS  analysis  of  percent  of  cells 
with  Annexin-V  positivity  24  hours  after  treatment  or  (right)  cell  lysates  were  prepared 


from  the  transfected  cells  and  separated  by  SDS-PAGE,  subjected  to  Western  blot,  and 
probed  with  the  indicated  antibodies.  Error  bars  are  S.D  (n=3).  (B)  H446  and  H196 
SCLC  cells  were  treated  with  no  drug  (-),  1  pM  ABT-263,  500  nM  AZD8055,  or  500  nM 
AZD8055/1  pM  ABT-263  for  6  h,  and  lysates  were  immunoprecipitated  with  BIM. 
Precipitates  were  analyzed  by  Western  blot  analyses  with  the  indicated  antibodies.  (C) 
H446  and  HI 96  cells  transduced  with  lentiviral  particles  expressing  GFP  alone  (GFP)  or 
GFP-IRES-MCL-1  (MCL-1)  were  treated  with  either  no  drug  (control)  or  500  nM 
AZD8055/1  pM  ABT-263.  Following  72  h  of  treatment,  cells  were  prepared  and  stained 
with  propidium  iodide  and  Annexin-V,  and  apoptosis  was  measured  by  FACS  analysis  of 
percent  of  cells  with  Annexin-V  positivity.  Bars  represent  mean  percent  of  apoptotic  cells 
following  combination  treatment  over  control.  Error  bars  are  S.D.  (n=3).  (D)  H446  and 
HI 96  cells  were  transduced  with  lentiviral  particles  expressing  GFP  alone  (GFP)  or  GFP- 
IRES-MCF-1  (MCF-1)  (the  same  cells  as  in  (C)),  and  cell  lysates  were  prepared  from  the 
transfected  cells  and  separated  by  SDS-PAGE,  subjected  to  Western  blot,  and  probed 
with  the  indicated  antibodies. 

Supporting  Figure  7.  AZD8055/ ABT-263  induces  growth  arrest  in  SCLC.  SCLC  cell 
line  (A)  H82,  (B)  HI 048  and  (C)  HI 96  were  treated  with  no  drug  (Media),  500  nM 
AZD8055,  1  pM  ABT-263,  or  500  nM  AZD8055/1  pM  ABT-263  for  24  hours  and  the 
percent  of  cells  in  each  phase  of  the  cell  cycle  was  determined  by  PI  staining  followed  by 
FACS  analysis.  Bars  are  percent  of  cells  in  S  phase.  Error  bars  are  S.D.  (n=3).  *=  P<0.05 
for  control  versus  combination-treated  cells,  Student’s  t  test. 


Supporting  Figure  8.  Rapamycin  is  not  equivalent  to  AZD8055  in  combination  with 


ABT-263  to  induce  apoptosis  in  SCLC,  and  lack  of  BAX  involvement  in  AZD8055- 
induced  apoptosis.  (A  and  B)  SCLC  cell  lines  H196,  H1048,  H82  and  H446  were  treated 
with  no  drug  (-),  500  nM  AZD8055,  1  pM  ABT-263,  500  nM  AZD8055/1  pM  ABT-263, 
200  nM  rapamycin,  or  200  nM  rapamycin/ 1  pM  ABT-263.  (A)  After  16  h,  lysates  were 
prepared  and  subjected  to  Western  blot  analyses  and  probed  with  the  indicated  antibodies. 
Note:  “loading”  either  GAPDH  or  p  -ACTIN  antibodies.  (B)  After  48  h,  HI 96  and 
HI 048  cells  were  prepared  and  stained  with  propidium  iodide  and  Annexin-V,  and 
apoptosis  was  measured  by  FACS  analysis  of  percent  of  cells  with  Annexin-V  positivity. 
Values  shown  are  the  percent  of  apoptosis  induced  by  each  agent  above  control.  Error 
bars  are  S.D.  (n=3).  *=  P<0.001  for  rapamycin/ ABT-263  versus  AZD8055/ABT-263- 
treated  cells,  Student’s  t  test.  (C)  HI 048  and  HI 96  cells  were  treated  with  no  drug  (-), 

500  nM  AZD8055,  1  pM  ABT-263,  500  nM  AZD8055/1  pM  ABT-263,  200  nM 
rapamycin,  or  200  nM  rapamycin/ 1  pM  ABT-263  for  16  h,  and  lysates  were  prepared  and 
subjected  to  Western  blot  analyses  and  probed  with  the  indicated  antibodies.  (D)  H1048 
cells  were  treated  with  no  drug  (-),  500  nM  AZD8055,  1  pM  ABT-263,  or  500  nM 
AZD8055/1  pM  ABT-263  for  16  hours  and  cells  were  prepared  and  stained  with 
propidium  iodide  and  Annexin-V,  and  apoptosis  was  measured  by  FACS  analysis  of 
percent  of  cells  with  Annexin-V  positivity.  Values  shown  are  the  percent  of  apoptosis 
induced  by  each  agent  above  control.  Error  bars  are  S.D.  (n=3).  Note:  Induction  of 
significant  apoptosis  of  the  combination  at  16  hours  despite  no  marked  changes  in  BAX 


expression. 


Supporting  Figure  9.  MCL-1  loss  is  consistent  with  protein  translation  block.  (A) 

HI 048  cells  were  not  treated  (-),  treated  with  10pg/mL  CHX  for  1,2  4,  or  6  hours  in  the 
presence  or  absence  of  500  nM  AZD8055  (CHX+AZD8055),  or  AZD8055  alone  for  6 
hours  and  lysates  were  prepared  and  subjected  to  Western  blot  analyses  and  probed  with 
the  indicated  antibodies.  (B)  MCL-1  and  P-ACTIN  band  intensities  were  quantified  on  a 
Syngene  and  the  ratio  is  shown. 

Supporting  Figure  10.  AZD8055/ABT-263  induces  apoptosis  in  SCLC  in  vivo 
without  overt  toxicity.  (A)  Tumors  from  HI 048  xenografts  were  stained  for  CC3  as 
noted  in  the  Fig.  3G  legend.  The  number  of  CC3-positive  cells  was  determined  by  a 
blinded  investigator  using  three  non-overlapping  40X  images  (examples  are  shown  in 
Figure  3G)  from  mice  in  each  treatment  cohort.  The  percent  of  CC3-positive  cells  are 
represented  by  each  bar.  Error  bars  are  +  S.E.M.  (n=3).  *  =  P  <0.05,  ABT-263  versus 
combination  treatment  group,  Student’s  t-test.  (B)  Mouse  weights  from  HI 048  xenografts 
presented  in  Figure  3E  of  the  mice  that  underwent  combination  treatment  (n=4).  There 
were  no  significant  differences  in  the  weights  of  mice  during  the  course  of  treatment 
(Student’s  t-test,  n=4,  NS=  not  significant,  day  0  weight  versus  the  indicated  day).  Error 
bars  are  S.D. 

Supporting  Figure  11.  Cell  lines  established  from  a  SCLC  GEMM  downregulate 
MCL-1  following  AZD8055  treatment  and  are  sensitized  to  ABT-263  by  the  addition 
of  AZD8055.  (A)  The  three  indicated  murine  SCLC  cell  lines  (984-LN,  H4600-T1,  and 
AF1077)  were  treated  with  no  drug  (no  Rx),  500  nM  AZD8055,  1  pM  ABT-263,  or 


combination  500  nM  AZD8055/1  pM  ABT-263  and  after  16  h  of  treatment,  lysates  were 
probed  with  the  indicated  antibodies.  (B)  Murine  SCLC  cell  lines  were  treated  with  no 
drug  (media),  100  nM  ABT-263  (ABT-263  only),  or  100  nM  ABT-263  in  combination 
with  the  indicated  dose  of  AZD8055  (ranging  from  1.66  nM  to  5000  nM  AZD8055)  for 
seven  days.  The  number  of  viable  cells  was  determined  by  CellTiter-Glo®  and  presented 
as  fold-change  of  cells  compared  to  day  0  (i.e.,  negative  values  represent  loss  of  cells 
from  day  0).  Error  bars  are  S.D.  of  cells  treated  in  triplicate. 

Supporting  Figure  12.  SCLC  PDX  model  growth  prior  to  treatment  start.  NSG  mice 
engrafted  with  tumor  pieces  from  a  SCLC  patient  were  monitored  for  tumor  growth. 
Shown  in  the  graph  are  the  7  days  of  tumor  measurements  prior  to  treatment  start.  Percent 
of  tumor  growth  is  shown  next  to  the  line  representing  the  respected  tumor.  Please  note: 
Blue  is  ABT-263  monotherapy,  red  is  combination  ABT-263  and  AZD8055.  *indicates 
the  tumor  growth  change  is  for  the  10  days  prior  to  treatment  start  for  that  tumor  (the  first 
three  days  are  not  graphed),  as  this  tumor  began  growing  earlier  then  the  other  tumors 
monitored. 

Supporting  Figure  13.  SCLC  cells  are  sensitized  to  AZD8055  by  addition  of  ABT- 
263.  H1048  SCLC  cells  were  treated  with  no  drug  (Media),  50  nM  AZD8055,  or  50  nM 
AZD8055  in  combination  with  the  indicated  dose  range  of  ABT-263  (ranging  from  3.3 
nM  to  10  uM  ABT-263)  for  seven  days.  The  number  of  viable  cells  were  determined  by 
CellTiter-Glo®,  and  presented  as  fold-change  of  cells  compared  to  day  0  (i.e.,  negative 
values  represent  loss  of  cells  from  day  0).  Error  bars  are  S.D.  of  cells  treated  in  triplicate. 


Materials  and  Methods 


Cell  lines 

NCI-H82,  NCI-H446,  NCI-H196,  DMS79,  NCI-H209,  NCI-H21 1  and  NCI-H146  cells 
were  cultured  in  RPMI  (Sigma- Aldrich).  SW1271  and  NCI-H1048  cells  were  cultured  in 
Dulbecco's  Modified  Eagle  Medium  (DMEM)  (Invitrogen).  NCI-H1092  cells  were 
cultured  in  DMEM  supplemented  with  4ug/mL  Hydrocortisone  and  Insulin-Transferrin- 
Selennium  Mix  (Invitrogen)  at  1:100.  All  the  FBS  concentrations  were  10%.  All  the 
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human  cell  lines  were  from  the  Center  for  Molecular  Therapeutics  at  Massachusetts 
General  Hospital  Cancer  Center.  Murine  SCLC  cell  lines  were  generated  as  previously 
described  . 

Antibodies  and  reagents 

The  antibodies  used  in  this  study  included  phospho-4E-BPl  (37/46),  phospho-S6 
(240/244),  total  4E-BP1,  total  S6  and  cleaved  caspase  3,  which  were  from  Cell  Signaling 
Technology  (Beverly,  MA).  Antibodies  from  Cell  Signaling  used  to  probe  nitrocellulose 
membranes  following  Western  blotting  were  all  used  at  1 : 1000  dillutions.  GAPDH 
1:3000  dillution  (Mab  374,  Millipore)  or  (1- ACT  IN  (Cell  Signaling,  1:1000)  were  used  as 
internal  loading  controls.  MCL-1  (SI 9)  and  BAX  (N-20)  (Santa  Cruz  Biotechnology) 
were  used  at  a  1:200  dillution  and  1:500  dillution,  respectively.  The  diluent  for  all  Abs 
was  TBS-T  with  5%  BSA  and  .01%  Sodium  Azide,  both  of  which  from  Sigma- Aldrich 
(St.  Louis,  MO).  BIM  siRNA  and  scramble  siRNA  were  from  Qiagen  for  Figure  2A  and 
2B,  and  GE  Dharmacon  (Lafayette,  CO)  for  Sup.  Figure  5A  and  5B.  The  MCL-1  siRNA 
and  scramble  siRNA  was  from  GE  Dharmacon  for  Figure  21  and  the  MCL-1  siRNA  and 


scramble  siRNA  was  from  Cell  Signaling  and  Qiagen,  respectively,  for  Sup.  Figure  6A. 
For  FACS  experiments,  Annexin-Cy5  was  from  Biosource  International  (Camarillo,  CA) 
and  FITC-Annexin  was  from  BD  Biosciences  (San  Jose,  CA).  Propidium  iodide  (PI)  was 
from  Sigma-Aldrich  and  BD  Biosciences.  ABT-263  and  AZD8055  were  purchased  from 
Active  Biochemicals  (Hong  Kong,  China)  and  Abmole  Bioscience  (Houston,  TX). 
Captisol  ®  was  purchased  from  Ligand  Technology  and  was  used  to  dissolve  AZD8055 
for  in  vivo  experiments. 

Western  blotting 

Prior  to  Western  blotting,  cell  lines  and  tumors  from  the  traditional  human  xenografts  and 
patient-derived  xenograft  were  prepared  and  lysed  as  previously  described  .  Proteins 
were  resolved  using  the  NuPAGE®  Novex®  Midi  Gel  system  on  4-12%  BIS-TRIS  gels 
(Invitrogen,  Carlsbad,  CA).  Chemiluminescence  (SuperSignal  West  Femto 
Chemiluminescent  Substrate,  Thermo  Scientific,  Rockford,  IL)  was  detected  with  the 
Syngene  G:Box  camera  (Syngene  USA,  Frederick,  MA),  and  chemiluminescent  signal 
intensity  was  quantified  with  Syngene  Genetools  software  (Syngene  USA)  where 
indicated,  normalized  to  GAPDH  or  P-ACTIN  loading  control. 

Immunoprecipitation  (IP) 

Cells  were  lysed  in  the  same  buffer  as  used  for  Western  blotting  experiments.  20uL  of 
protein  A  sepharose  beads  (GE  Healthcare,  Bio-Sciences,  Pittsburgh,  PA)  were  added  to 
an  equal  amount  of  cellular  lysates,  followed  by  5pg  of  BIM  antibody  (cat#  2819,  Cell 
Signaling,  Beverly,  MA)  or,  when  indicated,  IgG  isotype  control.  Following  incubation 


with  motion  at  4  degrees  Celsius,  supernatant  was  collected  and  the  IP  complexes  were 
washed  three  times  in  cold  PBS,  boiled,  and  ran  on  a  4-12%  BIS-TRIS  gel  (Invitrogen, 
Carlsbad,  CA).  Remaining  cellular  lysates  not  subjected  to  immunoprecipitation  (for  Fig. 
2E)  were  analyzed  next  to  the  corresponding  supernatant  from  the  immunoprecipitation. 

RNA  extraction  and  quantitative  (q)RT-PCR 

RNA  was  isolated  from  cultured  cells  grown  at  sub-confluency  using  the  Qiagen  RNeasy 
Mini  kit  and  subsequently  DNAse-treated  as  described  previously3.  Isolated  RNA  was 
reverse-transcribed  and  amplified  using  first-strand  cDNA  synthesis  (Invitrogen, 

Carlsbad,  CA).  The  numbers  of  BIM  and  MCL-1  molecules  were  monitored  in  real  time 
on  a  Roche  Lightcycler  480  (Roche  Diagnostics)  by  measuring  the  fluorescence  increases 
of  Sybr  Green  (Roche  Diagnostics).  The  number  of  (5-Actin  molecules  was  also  measured 
in  parallel.  The  primers  used  were:  BIM  Forward  (5’- 
AGTCCTTCC AGT GGGT ATTT CTCTT-3  ’ )  and  BIM  Reverse  (5’- 
ACTGAGATAGTGGTTGAAGGCCTGG-3 ’);  MCL-1  Forward  (5’- 
GGGC AGG ATT GT G ACT CT C ATT -3 ’ ) ;  MCL-1  Reverse  (5’- 
GAT GC AGCTTT CTT GGTTT AT GG) ;  p-Actin  Forward  (5’- 
CTGTGCTATCCCTGTACGCCTC-3’)  and  p-Actin  Reverse  (5’- 
CATGATGGAGTTGAAGGTAGTTTCTG-3  ’).  To  determine  relative  abundance  of  BIM 
and  MCL-1  RNA  molecules,  the  AA CT  method  was  utilized. 


Cell  Viability 


The  drag  screen  conducted  by  the  Center  for  Molecular  Therapeutics  at  the 
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Massachusetts  General  Hospital  Cancer  Center  has  been  described  .  For  the  other  cell 
viability  determinations,  cells  were  seeded  sparsely  in  two  flat-bottom  black  96-well 
plates  per  experiment.  The  cells  in  one  plate  were  treated  the  next  day  with  drag,  and  in 
the  second  plate  50pL  of  CellTiter-Glo  assay  (Promega,  Madison,  WI)  was  added  per 
well  and  immediately  placed  at  -80  Celsius.  Following  seven  days  of  continuous  drag 
treatment  at  37  degrees  Celsius,  and  5%  atmospheric  CO2,  50pL  of  CellTiter-Glo  was 
added  to  each  well  of  cells  from  the  first  plate  and  immediately  placed  at  -80  Celsius. 
Cells  were  subsequently  thawed  on  a  rocker  and  upon  thawing,  were  read  on  a  Centro  LB 
960  microplate  luminometer  (Berthold  Technologies,  Oak  Ridge,  TN)  according  to  the 
Promega  protocol. 

MCL-1  overexpression 

MCL-1  in  a  pcDNA3  vector  was  kindly  provided  by  Dr.  Gordon  Shore  (Department  of 
Biochemistry,  McGill  University).  MCL-1  was  subcloned  into  pENTR/TOPO  vector,  and 
recombined  into  pLENTI-GFP  by  Clonase  reaction  (Invitrogen),  and  subsequently  FACS 
sorted  for  GFP  expression. 

Flourescence  Activated  Cell  Sorting  (FACS)  for  death  assays  and  cell  cycle  analysis 

Cells  were  plated  in  triplicate  in  6-well  plates  or  6-cm  dishes  to  reach  -30-40% 
confluency  the  next  day.  On  the  next  day,  cells  were  treated  with  the  indicated  drags  or 
no  drag  control.  Apoptosis  and  cell  cycle  experiments  were  performed  essentially  as 
previously  described3  and  analyzed  on  a  BD  LSR  III  (Becton  Dickenson,  Franklin  Lanes, 


NJ).  The  cell  cycle  experiments  were  gated  to  include  only  viable  cells  in  order  for  the 
cell  cycle  distribution  to  be  determined  from  this  population.  For  apoptosis  assays,  the 
number  of  cells  in  quadrants  II  and  IV  (Annexin  positive)  were  counted  as  apoptotic, 
with  the  exception  of  apoptosis  experiments  in  Figure  2F-2H,  where  cells  with  sub- 
G0/G1  DNA  were  quantified  and  counted  as  apoptotic  following  staining  with  PI.  For 
the  data  from  Supplemental  Figures  5  A,  6 A  and  8D,  the  Annexin  stain  was  conjugated  to 
FITC  and  the  analysis  was  done  on  a  Guava  easyCyte  flow  cytometer  (EMD  Millipore 
(Temecula,  CA)).  In  the  engineered  H1048  cells,  apoptosis  determined  by  ABT-263 
treatment  (Fig.  2D)  and  combination  ABT-263/AZD8055  treatment  (Fig.  3D)  were 
performed  within  the  same  experiment. 

Traditional  human  cell-line  xenograft  experiments 

6-10  week-old  mice  with  a  Nu/Nu  background  were  injected  subcutaneously  with 
exponentially  growing  NCI-H1048  or  NCI-H82  cells  into  the  right  rear  flanks. 
Approximately  5,000,000  cells  re-suspended  in  ,2mL  of  PBS  or  ,2mL  PBS/matrigel  (1:1) 
were  injected.  Tumors  were  monitored  until  they  reached  approximately  100-200mm3.  At 
this  time,  mice  were  separated  into  four  groups  (or  three  where  indicated,  Figure  6D):  No 
treatment  (control),  AZD8055  only,  ABT-263  only  or  combination  treatment.  Treatment 
doses  are  indicated  in  the  figure  legends  for  each  experiment.  AZD8055  was  given 
approximately  1.5  h  prior  to  ABT-263  for  combination  treatments.  AZD8055  was 
dissolved  in  Captisol  ®.  ABT-263  was  dissolved  in  a  mixture  of  60%  Phosal  50  PG,  30% 
PEG  400  and  10%  EtOH.  Drugs  were  stored  at  4  degrees  Celsius  and  routinely  no  longer 
than  one  week  after  dissolving.  Tumors  were  measured  using  electronic  calipers  in  two- 
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dimensions  (length  and  width),  and  with  the  formula:  v  =  1  x  (w)  x  0.52  where  v  =  tumor 
volume,  1  =  length,  and  w  =width. 


Patient-derived  xenografts 

Female  NOD  scid  gamma  (NSG)  mice  were  inoculated  with  tumor  pieces  derived  from  a 
tumor  of  a  SCLC  patient  (Jackson  laboratories,  Bar  Harbor,  Maine).  Upon  arrival  to 
Massachusetts  General  Hospital,  tumor  growth  was  carefully  monitored  and  we  identified 
eight  mice  with  tumors  growing  to  treatable  levels  (-150-300  mm  ).  These  mice  were 
then  randomized  into  two  groups;  ABT-263  only  or  AZD8055/ABT-263  combination 
treatment.  Treatment  doses  are  indicated  in  the  figure  legend.  AZD8055  was  given 
approximately  1.5  h  prior  to  ABT-263  for  combination  treatments.  AZD8055  was 
dissolved  in  Captisol  ®.  ABT-263  was  dissolved  in  a  mixture  of  60%  Phosal  50  PG,  30% 
PEG  400  and  10%  EtOH.  Drugs  were  stored  at  4  degrees  Celsius  and  routinely  no  longer 
than  one  week  after  dissolving.  Tumors  were  measured  using  electronic  calipers  in  two- 
dimensions  (length  and  width),  and  with  the  formula:  v  =  1  x  (w)  x  0.52  where  v  =  tumor 
volume,  1  =  length,  and  w  =width.  For  the  Western  blot  analysis  (Fig.  5B),  tumors  from 
two  mice  which  grew  following  the  beginning  of  the  efficacy  studies  were  collected  and 
used  as  the  no  treatment  controls. 

Genetically  engineered  mouse  model 

Tp53fl/fl;  Rbl  fl/fl  mice  have  previously  been  described38.  Tumors  were  initiated  by 
intratracheal  administration  of  Adenovirus  expressing  Cre  recombinase  under  the  control 
of  either  a  CMV  promoter  or  a  CGRP  (neuroendocrine  cell  specific)  promoter  (Fig.  4A). 


Viruses  were  titered  to  levels  such  that  most  animals  developed  exactly  one 
radiographically  measurable  primary  tumor  in  the  lungs  (Sup.  Table  1).  Tumor-bearing 
animals  were  identified  by  computed  tomography  (CT)  scanning  using  the  GE  eXplore 
CT  120  Micro-CT  (General  Electric).  Mice  were  then  randomized  to  receive  no  treatment, 
ABT-263  (80  mg/kg  by  oral  gavage  daily  6  days  per  week),  AZD8055  (16  mg/kg  by  oral 
gavage  daily  6  days  per  week),  or  both  AZD8055  and  ABT-263  (given  sequentially). 
Drugs  were  prepared  as  described  above.  Magnetic  resonance  imaging  was  performed 
and  Varian  7T/310/ASR  MRI  system  (Varian/ Agilent  Technologies).  Images  were 
analyzed  and  volumes  computed  using  OsiriX  (Pixmeo  Sari)  v.5.7.1  32-bit.  Following 
the  prescribed  course  of  treatment  and  follow-up  MRI  scan,  animals  were  euthanized  and 
tissues  were  collected  for  histologic  review.  For  murine  allograft  experiments,  SCLC 
GEMM  primary  lung  tumors  were  dissected  and  a  2  mm  x  2mm  portion  was 
subcutaneously  implanted  into  an  NSG  recipient  (Charles  River).  Once  the  implanted 
tumor  reached  1  cm  in  diameter,  2  mm  x  2  mm  portions  were  dissected  out  and  then 
passaged  into  nu/nu  recipients  (Charles  River).  The  Massachusetts  Institute  of 
Technology  (MIT)  Institutional  Animal  Care  and  Use  Committee  approved  all  animal 
studies  and  procedures. 

Histopathology  and  immunohistochemistry 

FOR  IHC  performed  on  human  cell  lines,  following  mouse  sacrifice  and  tumor  collection, 
tissue  was  fixed  in  paraformaldehyde  overnight,  and  stored  in  70%  EtOH  until 
embedment.  The  tissue  was  embedded  in  paraffin,  and  sectioned  at  the  Department  of 
Pathology,  Massachusetts  General  Hospital.  Apoptosis  was  determined  by  cleaved 


caspase  3  (CC3)  positivity.  The  mTORCl  targets  P4E-BP1  (37/36)  and  PS6  (240/4) 
antibodies  were  used  to  confirm  AZD8055  activity  in  vivo  on  snap-frozen  tumor  removed 
directly  following  mouse  sacrifice.  Tissues  were  collected  approximately  3  hours  after 
the  indicated  treatments.  IHC  for  CC3  in  the  GEMM  SCLC  allografted  tumors  was 
performed  as  previously  described  using  Cell  Signaling  Technology  antibody  #9661  at 
a  dilution  of  1 :200. 

Statistical  Considerations 

For  the  analyses  of  BIM  and  MCL-1  expression  among  cell  lines  and  correlations  to 
ABT-263  IC50s,  we  wanted  to  capture  a  significant  number  of  just  the  most  extreme 
expressors  of  BIM  and  therefore  chose  a  cutoff  of  the  top  10%  (n=31)  for  the  CCLE  set, 
and  20%  (n=27)  for  the  Wooster  set.  We  then  wanted  to  further  categorize  these  cell  lines 
by  those  with  high  or  low  MCL-1  expression.  In  order  to  have  an  adequate  number  of  cell 
lines  in  each  group  for  comparisons  we  chose  cutoffs  of  the  top  and  bottom  25%  of 
MCL-1  expression  for  the  CCLE  set  (n=331)  and  50%  for  the  Wooster  set  (n=133). 

1  O 

IC50s  for  cell  lines  were  calculated  as  previously  described  in  the  drug  screens  . 
Statistical  tests  in  this  study  were  linear  regression  analysis,  student’s  t  test,  unpaired  t- 
test  with  Welch’s  correction,  and  Wilcoxon  rank  sum  tests.  Differences  were  considered 


statistically  different  if  P<0.05. 
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Faber  et  al.  Sup.  Figure  2 
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Faber  et  al.  Sup.  Figure  3 


# 

Cancer  type 

1 

biliary  tract 

2 

bladder 

3 

breast 

4 

cervix 

5 

kidney  (clear  cell) 

6 

endometrium 

7 

glioma 

8 

large  intestine 

9 

liver 

10 

malignant  melanoma 

11 

medulloblastoma 

12 

mesothelioma 

13 

neuroblastoma 

14 

non-small  cell  lung  cancer 

15 

oesophagus 

16 

osteosarcoma 

17 

ovary 

18 

pancreas 

19 

prostate 

20 

kidney  (renal  cell) 

21 

small  cell  lung  cancer 

22 

soft  tissue  (other) 

23 

stomach 

24 

thyroid 

25 

upper  aerodigestive  tract 

Faber  et  al.  Sup.  Figure  4 
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Supporting  Table  1:  Autochthonous  SCLC  GEMM  treatments 


ear  tag 

Sex 

Virus 

Viral 

titer 

(PFUx 

10A8, 

per 

mouse) 

Days 

post¬ 

infection 

treatment 

start 

Treatment* 

Treatment 

duration 

(days) 

MRI 
image  z 
axis 

intervals 

(mm) 

Tumor  pre¬ 
treatment 
volume 
(mmA3) 

Tumor  post¬ 
treatment 
volume  (mmA3) 

Tumor  volume 
fold  change 

Tumor 

volume 

percent 

change 

AF1828 

M 

Ad5-CMV-Cre 

2.5 

273 

ABT 

21 

0.5 

45.9 

302.9 

6.599 

559.9 

AF1901 

M 

Ad5-CMV-Cre 

2.0 

297 

ABT 

21 

0.5 

3.7 

19.8 

5.319 

431.9 

AF1216 

M 

Ad5-CGRP-Cre 

5.0 

531 

ABT 

21 

1.0 

14.1 

47.7 

3.383 

238.3 

AF1952 

M 

Ad5-CMV-Cre 

2.2 

323 

ABT 

21 

0.5 

31.6 

76.7 

2.427 

142.7 

AF1965 

F 

Ad5-CMV-Cre 

2.2 

274 

ABT 

21 

0.5 

6.3 

12.8 

2.028 

102.8 

AF1126 

M 

Ad5-CGRP-Cre 

5.0 

562 

ABT 

21 

1.0 

53.7 

20.0 

0.372 

-62.8 

AF1831 

F 

Ad5-CMV-Cre 

2.5 

273 

ABT/AZD 

21 

0.5 

16.7 

28.2 

1.689 

68.9 

AF1960 

F 

Ad5-CMV-Cre 

2.2 

323 

ABT/AZD 

21 

0.5 

68.1 

98.9 

1.452 

45.2 

AF1153 

M 

Ad5-CGRP-Cre 

5.0 

532 

ABT/AZD 

21 

1.0 

170.0 

180.9 

1.064 

6.4 

AF1879 

F 

Ad5-CMV-Cre 

2.0 

318 

ABT/AZD 

21 

0.5 

8.8 

8.5 

0.966 

-3.4 

AF1136 

M 

Ad5-CGRP-Cre 

5.0 

562 

ABT/AZD 

21 

1.0 

35.7 

19.8 

0.555 

-44.5 

AF1833 

F 

Ad5-CMV-Cre 

2.5 

273 

ABT/AZD 

21 

0.5 

139.4 

39.5 

0.283 

-71.7 

AF1829 

F 

Ad5-CMV-Cre 

2.5 

273 

AZD 

21 

0.5 

2.8 

19.0 

6.740 

574.0 

AF1832 

M 

Ad5-CMV-Cre 

2.5 

273 

AZD 

21 

0.5 

15.9 

75.5 

4.748 

374.8 

AF1912 

M 

Ad5-CMV-Cre 

2.2 

323 

AZD 

21 

0.5 

87.4 

397.8 

4.551 

355.1 

AF1894 

F 

Ad5-CMV-Cre 

2.0 

367 

AZD 

21 

0.5 

59.1 

158.9 

2.689 

168.9 

AF1180 

M 

Ad5-CGRP-Cre 

5.0 

532 

AZD 

21 

1.0 

20.6 

39.7 

1.927 

92.7 

MM2579 

M 

Ad5-CMV-Cre 

2.1 

293 

chemo 

28 

1.0 

74.0 

328.8 

4.443 

344.3 

AF1281 

F 

Ad5-CGRP-Cre 

5.0 

637 

chemo 

28 

1.0 

128.5 

389.6 

3.032 

203.2 

AF1488 

F 

Ad5-CGRP-Cre 

5.0 

476 

chemo 

28 

1.0 

86.8 

229.7 

2.646 

164.6 

MM2577 

F 

Ad5-CMV-Cre 

2.1 

293 

chemo 

28 

1.0 

28.3 

35.5 

1.254 

25.4 

AF1400 

M 

Ad5-CGRP-Cre 

5.0 

476 

chemo 

28 

1.0 

65.6 

44.0 

0.671 

-32.9 

AF1899 

F 

Ad5-CMV-Cre 

2.0 

367 

None 

21 

0.5 

12.2 

75.1 

6.156 

515.6 

AF1413 

F 

Ad5-CGRP-Cre 

5.0 

589 

None 

21 

1.0,  0.5  ** 

12.0 

56.7 

4.725 

372.5 

AF 1162 

F 

Ad5-CGRP-Cre 

5.0 

504 

None 

21 

1.0 

2.9 

10.9 

3.759 

275.9 

AF 1 093 

M 

Ad5-CGRP-Cre 

5.0 

534 

None 

21 

1.0 

10.6 

24.7 

2.330 

133.0 

MM2520 

F 

Ad5-CMV-Cre 

5.0 

434 

None 

21 

0.5 

21.0 

38.2 

1.819 

81.9 

AF1877 

F 

Ad5-CMV-Cre 

2.0 

276 

None 

21 

0.5 

12.4 

21.6 

1.742 

74.2 

AF1851 

F 

Ad5-CMV-Cre 

2.5 

273 

None 

21 

0.5 

301.2 

329.9 

1.095 

9.5 

*  AZD  =  AZD8055  16  mg/kg  PO  daily  6  days  per  week;  ABT  =  ABT-263  80  mg/kg  PO  daily  6  days  per  week;  ABT/AZD  =  ABT-263  80  mg/kg  PO  and  AZD8055  16  mg/kg  PO 
daily  6  days  per  week;  chemo  =  cisplatin  7  mg/kg  IP  days  1  and  8  and  etoposide  10  mg/kg  IP  days  2  and  9. 

**  1  mm  z-axis  intervals  on  pre-treatment  scan;  0.5  mm  z-axis  intervals  on  post- treatment  scan 


